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ABSTRACT
Calcite depression in bastnaesite-calcite flotation system using organic acids

Emmy Muhoza

Bastnaesite is the primary source of light REEs, namely cerium (Ce), lanthanum (La),
praseodymium (Pr), neodymium (Nd), to name a few. Bastnaesite is typically concentrated using
the froth flotation beneficiation method. Flotation of bastnaesite suffers from high reagent
consumption due to the similar surface characteristics of bastnaesite and associated gangue
minerals, including calcite. Additionally, complex stages of high-temperature conditioning are
often required to suppress the detrimental impact of dissolved calcium ions on the flotation of
bastnaesite. This research seeks to investigate the capabilities of organic acids in the bastnaesitecalcite flotation systems to selectively depress calcite minerals and effectively chelate calcium ions
from the bastnaesite surface. Organic acids, especially bio-based organic acids, are economically
affordable and environmentally friendly compared to other depressant reagents, which makes them
a more attractive source of depressant reagents in froth flotation. This study systematically
investigated the effect of organic acids as calcium ion chelating agents and calcite depressants via
micro-flotation tests, electrokinetic tests, solution chemistry and adsorption density measurements,
FT-IR analyses, and XPS characterization. The results of this study showed that lactic acid and
succinic acid selectively adsorbed onto calcite surface, significantly reducing calcite flotation
recovery while being impotent to the bastnaesite flotation recovery. However, the elevated
concentration of calcium ions dramatically decreased the bastnaesite flotation recovery. When
used as a chelating agent, citric acid formed soluble chelates effectively eliminating the detrimental
impact of dissolved calcium ions on bastnaesite flotation.
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CHAPTER 1
Introduction
1.1 Background
Despite being a strategic resource due to their economic and energy importance, the supply of rare
earth elements (REEs) shows little diversity. REEs are a group of 17 elements in the periodic table
that include 15 lanthanide elements (atomic number 57-17) and the transition metals scandium
(Sc) and yttrium (Y). The applications of REEs range from being used as hard drive magnets to
water treatment additives to polishing media to wind turbine motors. However, recent constrains
on the supplies of REEs have led to concerns about their long-term availability as well as the
consequences that shortages would pose to the fields that require REEs (Nassar, Du, and Graedel
2015). A 2020 report on critical raw materials for strategic technologies and sectors showed that
REEs fall in the category of critical minerals due to their high economic importance and high
supply risk (Figure 1.1).

Figure 1.1: Showing the criticality of minerals in 2020 (Bobba et al. 2020).
1

The history of REEs began as far back as 1788 when an unusual black rock was unearthed by a
miner in Ytterby, Sweden, and it was not until the 1960s that REEs saw a rapid rise in their
applications (GREINACHER 1981). Monazite and bastnaesite have mostly provided the bulk of
rare earth elements (GREINACHER 1981; Pradip and Fuerstenau 2013). Bastnaesite ((Ce,
La)FCO3) is a semi-soluble fluoro-carbonate mineral that is considered one of the primary sources
of light REEs, namely cerium (Ce), lanthanum (La), praseodymium (Pr), and neodymium (Nd) to
name a few (Liu et al. 2018; Xiong et al. 2020). Bastnaesite is naturally associated with gangue
minerals such as calcite, fluorite, barite, ilmenite quartz, and other silicate minerals (Wang et al.
2020; Xu et al. 2020).
Beneficiation of bastnaesite is typically achieved by the froth flotation method, which is dependent
on surface and solution chemistry (Pradip and Fuerstenau 2013). One of the main challenges in
bastnaesite flotation recovery is the presence of Ca-containing minerals, including calcite, fluorite,
and dolomite. These Ca-bearing gangue minerals dramatically decrease the bastnaesite flotation
recovery by altering the surface chemistry of bastnaesite due to the formation of various calcium
complexes on the surface of bastnaesite (e.g., Ca2+, CaHCO3+) (Wang et al. 2020; Xu et al. 2020).
Additionally, calcite is one of the major gangue minerals associated with bastnaesite. Hence,
effective depression of calcite is critical for the optimal flotation recovery of bastnaesite.
Multiple stages of high-temperature reagent conditioning are often required to depress gangue
minerals flotation, including calcite, and to limit the detrimental impact of dissolved calcium ions
on the flotation of bastnaesite (Figure 1.2). The conditioning process involves adding steam, soda
ash, lignin sulfonate, and tall oil. Following the conditioning stage, bastnaesite is separated from
other carbonate, silicate, and sulfate gangue minerals through several roughing, cleaning, and
scavenging flotation stages. The rougher stage produces a 30% rare earth oxide (REO) concentrate
which is further upgraded to 63% REO through cleaning stages. The overall bastnaesite recovery
is achieved at 65-70% REO (Pradip and Fuerstenau 2013; Schriner 2016).
Various studies have assessed the impact of depressants on bastnaesite-calcite flotation systems.
Lignin sulfonates have been identified to depress calcite gangue minerals, while simultaneously
negatively affecting bastnaesite flotation recovery (Cao et al. 2021). Sodium hexafluoro silicate
and ethylenediaminetetraacetic acid (EDTA) were found to suppress calcium-bearing minerals,
including calcite (CaCO3) and fluorite (CaF2), while having minimal impact on bastnaesite
2

flotation recovery (Cao et al. 2019). However, these conventional depressants always pose the
challenge of being harmful to human health and the environment by causing problems of
poisonous and high chemical oxygen demand (COD) in wastewater. Therefore, it is imperative
that more environmentally friendly alternatives be exploited for the depression of calcite gangue
minerals in a bastnaesite-calcite flotation system. Furthermore, there are limited studies on the
capabilities of depressants as chelating agents for dissolved Ca2+ ions in bastnaesite flotation
systems.

Figure 1.2: Flowsheet showing the flotation beneficiation of bastnaesite (Pradip and Fuerstenau
2013).
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1.2 Motivations
Due to the exceptional complexity of calcite depressions in mineral flotation, organic acids are
increasingly becoming the preferred reagents as calcite depressants and calcium ion chelating
agents in flotation. Organic acids are able to selectively depress calcite via interaction between the
Ca sites of calcite and the carboxyl group of the organic acids. In addition, organic acids can form
soluble chelates with dissolved calcium ions, effectively eliminating the impact of dissolved Ca2+
ions on bastnaesite flotation.
Interestingly, organic acids such as lactic acid and succinic acid can be obtained from food waste
through the process of fermentation. Other organic acids, such as citric acid, can be obtained from
agricultural residues. Bio-based organic acids are commonly affordable and environmentally
friendly, making them a more attractive source of depressant reagents in froth flotation. It should
also be noted that there are limited studies on the potential of organic acids as calcite depressants
and calcium ion chelating agents in bastnaesite flotation. This presents a critical need for
investigating the potential of organic acids as calcite depressants and calcium ion chelating agents.

1.3 Objectives
The goal of this research is to investigate the capabilities of organic acids in the bastnaesite-calcite
flotation systems to selectively depress calcite minerals and effectively address the challenge of
dissolved calcite species using organic acids as calcite depressants and calcium ion chelating
agents. The successful completion of this objective will lead to the effective utilization of smallchain bio-based organic acids as selective depressants for calcite and Ca2+ ions chelating agents in
mineral flotation.
In summary, the itemized objectives of this study are:
•

To review the use of organic acids as calcite depressants and calcium ion chelating agents
in mineral flotation systems.

•

To evaluate lactic and succinic acids as green depressants for selective flotation separation
of bastnaesite from calcite.

•

To systematically investigate bastnaesite flotation in the presence of Ca2+ ions using
organic acids as chelating agents.
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•

To highlight the conclusions and key contributions of this work and to provide
recommendations for future work.

1.4 Organization
The body of this MS thesis is organized into five chapters, with the primary works presented
individually and complimentary to the discussions and outcomes of the previous chapter(s).
References are listed individually for each chapter. In addition to the three main chapters, the
introduction and conclusion chapters complete this MS thesis.
Chapter 1: Introduction chapter that provides the background and problem statement, key
objectives, and an overview of the completed work as part of this study.
Chapter 2: Provides a detailed literature review on the use of organic acids as calcite depressants
and calcium ion chelating agents in mineral flotation systems.

Chapter 3: Evaluates the impact of lactic and succinic acid as green depressants for selective
flotation separation of bastnaesite from calcite.

Chapter 4: Conducts systematic investigation on bastnaesite flotation in the presence of dissolved
calcium ions using organic acids as chelating agents.

Chapter 5: Provides the conclusion, key findings and contributions of this study as well as
recommendations for future work.
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CHAPTER 2
Literature review: Organic acids as calcite depressants and calcium ion
chelating agents in mineral flotation systems
Abstract
One of the main challenges in the flotation of valuable metallic and rare earth mineral ores is the
presence of calcium-bearing minerals, including calcite, which dramatically decrease the flotation
recovery by altering the surface chemistry of the valuable minerals. During the last decades, calcite
depression in mineral flotation systems has been widely investigated. Studies have evaluated the
potential of organic acids as calcite depressants and as Ca2+ ion chelating agents to address the
detrimental impact of Ca2+ ions in mineral flotation systems. Based on research findings, this
literature evaluates the role of various organic acids as depressants and chelating agents for
improving the depression of calcite in flotation and for limiting the detrimental impact of Ca2+ ions
on the flotation of valuable minerals (e.g., bastnaesite). Additionally, this chapter describes the
fundamental mechanisms governing the interaction of calcite minerals and various organic acids.

Keywords: calcium-bearing minerals, calcite, Ca2+ ions, flotation, organic acids, depression
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2.1 Introduction
Calcium-bearing minerals, including calcite, are some of the most abundant minerals, either
existing as simple salts in the earth’s surface and sedimentary rocks or as gangue minerals
alongside other valuable mineral ores such as rare earth minerals (e.g., bastnaesite and monazite)
(Xiong et al. 2020; W. Zhang, Honaker, and Groppo 2017a) and metallic ores (e.g., smithsonite
and scheelite) (Y. Chen and Tang 2020; Gao et al. 2022). Furthermore, calcite exists as a carbonate
gangue mineral in other minerals such as fluorite, apatite, collophanite, and celestite (X. Liu et al.
2017; R. Pugh and Stenius 1985; Zeng et al. 2017; H. Zhu et al. 2018).
Froth flotation is one of the most widely used techniques for separating valuable metallic and rare
earth mineral ores from calcite. Owing to similar surface characteristics, the separation of calcite
gangue mineral from valuable minerals by froth flotation is challenging (Dong, Jiao, et al. 2021;
Faramarzpour et al. 2022; Gao et al. 2022; S. Liu et al. 2022; Z. Wang et al. 2020). When used
alone, collector reagents tend to have relatively similar affinities toward the active Ca sites of
calcite and the metallic element sites of valuable minerals, leading to high flotation recoveries of
both calcite and valuable minerals (Faramarzpour et al. 2022; Irannajad, Ejtemaei, and Gharabaghi
2009; Wei, Qian; Dong, Liuyang; Jiao, Fen; Qin 2019; Y. Xu, Xu, Wu, Wang, et al. 2020; Zeng
et al. 2017; W. Zhang, Honaker, and Groppo 2017a; H. Zhu et al. 2018). Furthermore, dissolved
calcite species (e.g., Ca2+) may alter the surface chemistry of valuable minerals, thereby
dramatically decreasing the flotation recovery of valuable minerals (Z. Wang, Wu, Xu, Shu, Fang,
et al. 2020a; L. Xu et al. 2021; Wencai Zhang and Honaker 2018b). To mitigate the challenges
caused by calcite presence in flotation systems, multi-stage and complex stages of costly reagents
conditioning, including calcite depressants and chelating agents, are often required (Pradip and
Fuerstenau 2013). For example, the bastnaesite flotation process at the Mountain Pass Mine
involves the addition of soda ash, lignin sulfonate, and tall oil at high temperatures near 82 °C
(Pradip and Fuerstenau 2013).
As a more environmental-friendly alternative reagent scheme, organic acids are becoming the
preferred depressants in calcite flotation systems (Y. Xu, Xu, Wu, Tian, et al. 2020; Wencai Zhang
and Honaker 2018a). Interestingly, organic acids may be obtained from agricultural residues and
food waste through a relatively simple fermentation process with minimal environmental
footprints (Manandhar and Shah 2020). Bio-based organic acids are biodegradable, nontoxic, and
8

economically affordable, making them a more attractive source of depressant reagents in froth
flotation (Manandhar and Shah 2020; Xia, Hart, and Douglas 2015). Table 2.1 shows the molecular
structure of common organic acids. The depressing capabilities of organic acids can be attributed
to the chemisorption and electrostatic interaction between the carboxyl group of organic acids and
the cationic species of calcite. Moreover, the hydrophilic -OH group of organic acids can reduce
the hydrophobicity of calcite, thereby improving its depression during flotation.
In addition to being excellent calcite depressants, few studies demonstrated the significant
chelating capabilities of organic acids toward Ca2+ ions when used alongside other calcite
depressants (e.g., sodium silicate). For example, when used as the main depressant in rare earth
mineral flotation, citric acid depressed calcite flotation recovery to 31.75% (Y. Xu, Xu, Wu, Tian,
et al. 2020). However, when used as a chelating agent alongside sodium silicate depressant, the
flotation recovery of calcite was reduced to 20% (Wencai Zhang and Honaker 2018a). Organic
acids may be adsorbed onto surfaces of calcium-bearing minerals via a chemical chelating reaction
with Ca2+ ions (X. Liu et al. 2017), hence enhancing the ability of organic acids to selectively
depress calcium-bearing minerals.
This chapter critically reviews the potential of organic acids as selective depressants and chelating
agents for minimizing the flotation recovery of calcite and limiting the detrimental impact of
calcium ions on the flotation beneficiation of valuable minerals. First, the capabilities of organic
acids as calcite depressants and Ca2+ ions chelating agents within various flotation systems are
discussed. Next, the adsorption mechanisms of organic acids on Ca-containing minerals are
investigated through the critical review of recent studies on contact angle and wetting
characteristics, electro-kinetics, Fourier transform infrared characterization, and x-ray
photoelectron spectroscopy analyses. Finally, the knowledge gap in the area of organic acids
applications in flotation system involving calcite mineral is identified.
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Table 2.1: Molecular structure of some organic acids and their potential as depressants in
mineral flotation.
Organic Acid

Molecular Structure

Potential Adsorption
Mechanism
The carboxyl and hydroxyl
groups may react with mineral
cations to form metal-organic
complexes.
The hydrophilic hydroxyl group
may be adsorbed onto calcite
surface, thereby reducing calcite
hydrophobicity and floatability.
The chemical interaction
between the –COOH group of
PESA and the cationic species
of calcite may potentially
depress calcite.
The hydrophilic -OH group of
PESA can reduce the
hydrophobicity of calcite.
PAA may be adsorbed onto
surfaces of minerals via both
chemisorption and electrostatic
interaction between the -COOgroup of PAA and the active
sites of calcite.

Citric acid
(CA)

Polyepoxysuc
cinic acid
(PESA)

Polyacrylic
acid (PAA)

Hydroxycitric
acid (HCA)

Polyaspartic
acid (PASP)

Ref.
(Dong, Wei, et
al. 2021; W.
Zhang, Honaker,
and Groppo
2017b)

(C. Chen et al.
2019; C. Liu et
al. 2021)

(C. Zhang, Gao,
et al. 2018)

HCA may be strongly adsorbed
onto calcite surface via
chemisorption between the
active sites of calcite and the
carboxyl (RCOO-) group of
HCA.

(J. Liu et al.
2021)

The depressing effect of PASP
can be attributed to the
adsorption of the -COOH as
well as the hydrophilic -OH
groups of PASP onto the calcite
surface.

(H. Zhu et al.
2018)

2.2 Organic Acids as Flotation Reagents
Calcite is a semi-soluble mineral in pure water at low pressures and temperatures (Faramarzpour
et al. 2022). Dissolved calcite species, in the form of calcium cations and carbonates, may interact
with the active sites of valuable mineral surfaces and create various calcium complexes (e.g., Ca2+,
CaOH+, CaHCO3+). As a result, given the similar surface chemistry of calcite and these calcium
complex precipitates, selective flotation of valuable minerals is problematic (Z. Wang, Wu, Xu,
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Shu, Fang, et al. 2020b) (Z. Wang, Wu, Xu, Shu, Fang, et al. 2020a; L. Xu et al. 2021; Wencai
Zhang and Honaker 2018b) (T. Wang, Feng, Guo, Zhang, Rao, et al. 2020).
Table 2.2 summarizes recent studies that have utilized organic acids for depressing calcite in
various flotation systems. Flotation characteristics of calcite have been widely investigated in the
pH range of 6 – 10 (Deng et al. 2019a; Gao et al. 2016a; C. Liu et al. 2021; Tian, Xu, Sun, Han, et
al. 2019; Wei, Qian; Dong, Liuyang; Jiao, Fen; Qin 2019; Y. Xu, Xu, Wu, Tian, et al. 2020; Zeng
et al. 2017; Wencai Zhang and Honaker 2018b; H. Zhu et al. 2018). Individual mineral flotation
of pure calcite showed a high flotation recovery for calcite when collector reagents are used alone.
Therefore, the direct flotation of valuable minerals necessitates using effective calcite depressant
reagents to minimize the flotation recovery of calcite. Over the last decades, the most common
organic acids used for depressing calcite flotation were citric acid, EDTA, oxalic acid, and
polycarboxylic acids, such as polyepoxysuccinic acid. Also, calcite depression is most effective in
an alkaline pH range of 7-11 (Deng et al. 2019a; Gao et al. 2016a; C. Liu et al. 2021; Tian, Xu,
Sun, Han, et al. 2019; Wei, Qian; Dong, Liuyang; Jiao, Fen; Qin 2019; Y. Xu, Xu, Wu, Tian, et
al. 2020; Zeng et al. 2017; Wencai Zhang and Honaker 2018b; H. Zhu et al. 2018). In this alkaline
pH range, calcite forms Ca2+ complexes on the surface of valuable minerals (Zeng et al. 2017; X.
Zhu et al. 2021). On the other hand, organic acids mainly exist as RCOO- in the alkaline pH range
(C. Liu et al. 2020; Zeng et al. 2017; X. Zhu et al. 2021). Thus, the interaction between the RCOOfunctionality of organic acids and active Ca sites of calcite (i.e., Ca2+) promotes the depression of
calcite.
Table 2.2: Effect of organic acids on calcite depression in flotation.
Flotation
System

Organic Acid

Primary
Reagent Role

Recovery

pH

Ref.

BastnaesiteCalcium

Oxalic acid

Depressant

15.47 %

8.0 - 9.0

(X. Zhu et al. 2021)

BastnaesiteFluoriteCalcite

Citric acid

Depressant

31.75 %

8.0 - 9.0

(Y. Xu, Xu, Wu, Tian,
et al. 2020)

CelestiteFluoriteCalcite

Citric acid

Depressant

15.74 %

9.0

(Zeng et al. 2017)

MonaziteCalcite

Citric acid

Chelating

20.00 %

9.0

(Wencai Zhang and
Honaker 2018a)
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MonaziteCalcite

EDTA

Chelating

20.00 %

9.0

(Wencai Zhang and
Honaker 2018a)

FluoriteCalcite

Citric acid

Depressant

62.00 %

9.0

(Gao et al. 2016b)

FluoriteCalcite

Polyaspartic acid
(PASP)

Depressant

15.00 %

7.0 – 8.0

(H. Zhu et al. 2018)

Calcite

Hydrolytic
polymaleic
anhydride acid
Polyepoxysuccinic
acid
Polyaspartic acid
(PASP)
Lignosulfonic acid

Depressant

4.30 %

7.0 - 7.5

(C. Chen et al. 2019)

Depressant

13.00 %

7.0 - 7.5

(C. Chen et al. 2019)

Depressant

1.00 %

7.0 - 7.5

(C. Chen et al. 2019)

Depressant

10.00 %

7.0

(W. Chen et al. 2018)

Depressant

10.00 %

8.0

(Deng et al. 2019b)

SmithsoniteCalcite

Acidified water
glass (oxalic acid &
sodium silicate)
Polyepoxysuccinic
acid

Depressant

10.00 %

10.0

(C. Liu et al. 2021)

CelestiteFluoriteCalcite

Acidified water
glass (oxalic acid &
sodium silicate)

Depressant

33.98 %

7.5

(Tian, Xu, Sun, Zeng,
et al. 2019)

CelestiteFluoriteCalcite

EDTA

Depressant/Chel
ating

15.40 %

8.0

(Tian, Xu, Sun, Han,
et al. 2019)

CassetriteCalcite

Hydroxycitric acid
(HCA)

Depressant

19.18 %

8.00

(J. Liu et al. 2021)

FluoriteCalcite

Tannic acid (TA)

Depressant

6.00 %

7.0

(C. Zhang, Wei, et al.
2018)

FluoriteCalcite

Polyacrylic acid
(PAA)

Depressant

6.00 %

7.0

(C. Zhang, Gao, et al.
2018)

ScheeliteCalcite

Citric acid

Depressant

55.00 %

9.5

(Dong, Wei, et al.
2021)

ScheeliteCalcite

Tartaric acid

Depressant

10.00 %

8.0

(Dong, Jiao, et al.
2021)

SmithsoniteCalcite

Amino trimethylene
phosphonic acid
(ATMP)
1Hydroxyethylidene1, 1diphosphonicacid
(HEDP)

Depressant

8.00 %

7.5

(Y. Chen and Tang
2020)

Depressant/Chel
ating

20.00%

9.5

(Kang, Jianhua;
Khoso, A. SUltan; Hu,
Yuehua; Sun, Wei;
Gao 2019)

Calcite
Calcite
ScheeliteCalcite
Barite-Calcite

ScheeliteFluoriteCalcite
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While the majority of the studies have investigated the role of organic acids as calcium ion
chelating agents and calcite depressants using single mineral samples, some research efforts have
simulated the effectiveness of organic acids for calcite depression in actual mineral ores via
systematic flotation tests with either mixed mineral samples (Gao et al. 2016b; Wencai Zhang and
Honaker 2018a; H. Zhu et al. 2018) or by systematically introducing Ca2+ ions in the mineral
flotation (Cao et al. 2021; Z. Wang, Wu, Xu, Shu, Fang, et al. 2020a; L. Xu et al. 2021; Wencai
Zhang and Honaker 2018a). Only a handful of studies have evaluated the effectiveness of using
organic acids to depress calcite in real mineral ores via batch flotation tests (Table 2.3) (C. Chen
et al. 2019; Gao et al. 2016b; Wencai Zhang and Honaker 2018a).
The results of recent studies in mixed mineral ores show that organic acids dramatically reduced
the flotation recovery of calcium-bearing minerals, including calcite, while remaining impotent to
valuable mineral ores such as monazite (Wencai Zhang and Honaker 2018a). For example, Wang
et al (2020) and Xu et al (2021) investigated the impact of Ca2+ ions on the flotation recovery of
bastnaesite. The results of their works showed that bastnaesite flotation recovery was reduced to
25% and 20%, respectively in the presence of dissolved Ca2+ ions (Z. Wang, Wu, Xu, Shu, Fang,
et al. 2020a; L. Xu et al. 2021). However, when organic acids were used as calcium ions chelating
agents, the flotation recovery of the valuable minerals improved significantly (Wencai Zhang and
Honaker 2018a). Organic acids can form soluble chelates, effectively eliminating the detrimental
impact of Ca2+ ions on the flotation recovery of valuable minerals. Zhu et al (2018) evaluated the
impact of organic acids for depressing calcite in a real tungsten ore and proposed a process of
multi-stage organic acid conditioning followed by multiple stages of cleaning (H. Zhu et al. 2018).
Altogether, the results of previous studies demonstrated the high potential of organic acids for the
selective depression of calcite. Interestingly, these data showed that some organic acids, such as
citric acid, may form soluble chelates, effectively eliminating the detrimental impact of dissolved
Ca2+ ions on the flotation of valuable minerals.
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Table 2.3: Showing the common flotation procedure for calcite depression using organic acids.
Flotation
Machine
40 mL XFG
flotation
machine

Mineral
Combination
Single mineral

1.5 L XFG
flotation
machine

Real ore

50 mL microflotation cell

Single mineral

50 mL microflotation cell

Mixed mineral

40 mL XFG
flotation
machine

Single mineral
with calcite
supernatant.

40 mL XFG
flotation
machine

Single mineral
when Ca2+
ions are
introduced as
CaCl2.

Flotation Procedure
2 g of pure sample were added to 30 mL distilled water in a flotation cell and
stirred for 1 min. The organic acid and collector are added sequentially and
conditioned for 3 minutes each with stirring. HCl and NaOH were used for pH
adjustment. Finally, flotation was carried out for 3 mins with constant
skimming.
500 g of sample were used in a multi-stage conditioning process where the
organic acid depressant was used for cleaning operations. Water glass and
acidified water glass reagents were used to depress other gangue minerals,
including quartz. NaOL was used as the collector. The flotation process
included 8 cleaning stages, 1 roughing stage, and 1 scavenging stage.
1 g of pure sample was mixed with Di-water and conditioned in glass beaker
with a magnetic stirrer. HCl and NaOH were used to adjust the solution pH
accordingly. Regulators, depressants, and collector were added sequentially and
conditioned for 5 mins each. Finally, the frother was added followed by 30 s
conditioning. The flotation pulp was then transferred in a flotation cell and
flotation was carried out at 55 mL/min nitrogen flowrate.
Monazite and calcite were mixed at a mass ratio of 1:1. 1 g of mixed mineral
sample was mixed with Di-water and conditioned in glass beaker with a
magnetic stirrer. HCl and NaOH were used to adjust the solution pH
accordingly. Regulators, depressants, and collector were added sequentially and
conditioned for 5 mins each. Finally, the frother was added followed by 30 s
conditioning. The flotation pulp was then transferred in a flotation cell and
flotation was carried out for 3 mins at 55 mL/min nitrogen flowrate.
The flotation pulp was prepared by adding 2 g of bastnaesite sample to 38 mL
of calcite supernatant. The pulp was then stirred for 3 mins and the pH adjusted
to the desired value. NaOL collector was then added and the pulp conditioned
for 3 mins in a flotation cell with impeller speed of 1700 rpm.
2 g of mineral sample were added to 40 mL flotation cell containing the desired
amount of Di-water. HCl and NaOH were used to adjust the pH and the
flotation pulp was stirred for 7 mins. CaCl2 and NaOL collector were added
sequentially and conditioned for 2 mins and 3 mins, respectively. Flotation was
carried out for 5 mins in a flotation cell with impeller speed of 1700 rpm.
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Recovery

Ref.

15% calcite

(H. Zhu et al.
2018)

57.82% calcite

(H. Zhu et al.
2018)

20% calcite

(Wencai Zhang
and Honaker
2018a)

30% calcite;
90% monazite

(Wencai Zhang
and Honaker
2018a)

25%
bastnaesite

(L. Xu et al.
2021)

13.92%
bastnaesite

(Z. Wang, Wu,
Xu, Shu, Fang, et
al. 2020a)

2.3 Contact Angle and Wetting Characteristics
The contact angle is an instinctive response to the hydrophobicity and floatability of minerals,
which indirectly describes the affinity between the mineral surface with air and water. The larger
the contact angle, the larger the hydrophobicity and floatability of the mineral will be. Naturally,
calcite is a hydrophilic (non-floatable) mineral (X. Wang and Zhang 2020). Water molecules on
the untreated calcite surface form tightly packed monolayer structures resulting in an extensive
hydrated surface (Fa, Nguyen, and Miller 2006; Faramarzpour et al. 2022). The attraction between
the water molecules and the calcite surface occurs via hydrogen bonding, and is directionally
dependent (Faramarzpour et al. 2022; Zhi-yong, Gao; Wei, Sun; Yue-hua, Hu; Xiao-wen 2019).
For example, Gao et al. (2012) showed that the contact angles of the [214], [018], and [104] faces
of calcite crystal were 27.3º, 35.1º, and 42.1º, respectively (Zhi-yong, Gao; Wei, Sun; Yue-hua,
Hu; Xiao-wen 2019). This anisotropic property between the water molecules and the calcite
surface can be explained by differences in atomic distribution, surface energy, and surface broken
bonds of the calcite surface (Zhi-yong, Gao; Wei, Sun; Yue-hua, Hu; Xiao-wen 2019). Therefore,
the contact angle and wetting properties, and as a result, the floatability, of calcite are dependent
on its crystal direction (Faramarzpour et al. 2022; Mehdilo, Irannajad, and Zarei 2014; Santos,
Dutra, and Oliveira 2015).
Table 2.4 summarized previous studies that investigated the effect of organic acids on the contact
angle and hydrophobicity of calcite. The results presented in Table 2.4 demonstrate that in the
presence of organic acids, the contact angle between the calcite surface and the air bubbles is
different for different organic acids. The hydrophilic hydroxyl (-OH) group of the organic acids
can be dissociatively adsorbed on calcite surface, reducing the calcite hydrophobicity (Chen,
Yuangan; Feng, Bo; Yan, Huashan; Zhang, Liangzhu; Zhong, Chunhui; Wang, Tao; Wang,
Huihui; Xu 2019; Legens et al. 1999). Ca2+ ions are identified as the most probable adsorption
sites as there are strong interactions, both chemical and electrostatic, with the organic acids
adsorbates in aqueous solution (Chen, Yuangan; Feng, Bo; Yan, Huashan; Zhang, Liangzhu;
Zhong, Chunhui; Wang, Tao; Wang, Huihui; Xu 2019; Legens et al. 1999). Organic acids have a
strong hydrophilic compound, which can selectively depress calcite (Chen, Yuangan; Feng, Bo;
Yan, Huashan; Zhang, Liangzhu; Zhong, Chunhui; Wang, Tao; Wang, Huihui; Xu 2019). Nie at
al. (2022) showed that when used as the main depressant, polyepoxysuccinic acid (PESA), changes
the surface of calcium-bearing mineral, fluorite (CaF2), to hydrophilic via chemisorption
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interaction with the Ca sites of fluorite. Overall, as summarized in Table 2.4, organic acids
decrease the hydrophobicity of calcite surface, thereby potentially depressing calcite in flotation
systems. (Nie et al. 2022).
Table 2.4: Effect of organic acids on the hydrophobicity of calcite.
Organic Acid

Polyaspartic acid
(PASP)
Polyepoxysuccinic
acid (PESA)
Hydrolytic
polymaleic
anhydride acid
(HPMA)
Polyepoxysuccinic
acid (PESA)
Citric acid
Carboxymethyl
chitosan (CMC)

Contact Angle
of Untreated
Calcite
55.38º

Contact Angle of
Calcite with
Collector
85.00º

Contact Angle of
Calcite with
Organic Acid
60.00º

Flotation
pH

Ref.

7.0 – 7.5

55.38º

85.00º

66.50º

7.0 – 7.5

55.38º

85.00º

62.00º

7.0 – 7.5

61.20º

99.70º

36.40º

9.0

(Nie et al. 2022)

46.40º

93.20º

22.70º

9.5

68.70º

100.80º

37.90º

9.0

(Dong, Wei, et
al. 2021)
(T. Wang, Feng,
Guo, Zhang,
Rao, et al.
2020)

(C. Chen et al.
2019)
(C. Chen et al.
2019)
(C. Chen et al.
2019)

2.4 Electro-Kinetics
The adsorption of reagents on the surface of minerals often lead to a change in mineral surface
charge. As a measure of surface charge, changes in the zeta potential of minerals explain the
potential of specific adsorption of different flotation reagents on mineral surfaces. As summarized
in Table 2.5, the iso-electric point (IEP) of pure calcite varies in the range of pH 7.50 - 11.50
(Wencai Zhang and Honaker 2018a) (C. Chen et al. 2019) (Deng et al. 2019a; Tian, Xu, Sun, Zeng,
et al. 2019) (J. Liu et al. 2021) (Gao et al. 2016a). The variation in the IEP of pure calcite can be
due to mineralogy and experimental conditions such as sample preparation, size reduction
procedure, conditioning time, and zeta potential measurement techniques (Faramarzpour et al.
2022; Rao, K. Hanumantha; Antti , Britt-Marie; Forssberg 1988).
Chen et al (2018) and Zhang and Honaker (2018) investigated the change in the zeta potential of
calcite in the presence of organic acids (Figure 2.3). The adsorption of organic acids on the surface
of calcite dramatically change the IEP of calcite across a wide range of pH 6-12, making calcite
zeta potential more negative (Gao et al. 2016a; J. Liu et al. 2021; Wencai Zhang and Honaker
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2018b). This significant change in the IEP of calcite is further evidence that there is some specific
adsorption between the organic acids and the surface of calcite and calcium-bearing minerals. The
general consensus, as shown in Table 2.5, is that the pronounced shift in the zeta potential of calcite
toward a more negative charge is due to the specific adsorption of the organic acids onto calcite
surface via interaction between the Ca sites of calcite and the carboxyl group of the organic acids.
Table 2.5: Effect of organic acids on the zeta potential of calcite.
Organic Acid Depressant

IEP (Pure Calcite)

Polyaspartic acid (PASP)
Polyepoxysuccinic acid (PESA)
Hydrolytic polymaleic anhydride
acid (HPMA)
Acidified water glass (AWG)

11.50
11.50
11.50

IEP (with Organic
Acid)
N/A
N/A
N/A

7.80

N/A

1-Hydroxyethylidene-1, 1diphosphonicacid (HEDP)

10.80

N/A

Citric acid
Acidified water glass (AWG)
Polyacrylic acid (PAA)

10.60
9.30
9.40

N/A
N/A
N/A

Citric acid

10.50

N/A

Hydroxycitric acid (HCA)
Carboxyl methyl cellulose
(CMC)
EDTA

9.33
8.50

6.5
6.0

10.50

8.80
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Ref.
(C. Chen et al. 2019)
(C. Chen et al. 2019)
(C. Chen et al. 2019)
(Tian, Xu, Sun, Zeng,
et al. 2019)
(Kang, Jianhua;
Khoso, A. SUltan; Hu,
Yuehua; Sun, Wei;
Gao 2019)
(Gao et al. 2016a)
(Deng et al. 2019a)
(C. Zhang, Gao, et al.
2018)
(Wencai Zhang and
Honaker 2018a)
(J. Liu et al. 2021)
(J. Wang et al. 2018)
(Wencai Zhang and
Honaker 2018a)

Figure 2.3: Effect of organic acids on zeta potential of calcite as a function of pH. a (C. Chen et
al. 2019); b (Wencai Zhang and Honaker 2018a).

2.5 FT-IR Analyses
Fourier transform infrared spectroscopy (FT-IR) analysis investigates the chemical changes of
calcite and calcium-bearing minerals after the adsorption of organic acid depressants (Dong, Wei,
et al. 2021; W. Zhang, Honaker, and Groppo 2017b). Furthermore, FT-IR analysis results provide
valuable information on the adsorption mechanism of the organic acid depressants onto the surface
of calcite and calcium-bearing minerals as well as determining the adsorption models of reagents
onto surfaces of minerals (Y. Xu, Xu, Wu, Wang, et al. 2020; Zeng et al. 2017).
The FT-IR results of previous studies, as summarized in Table 2.6, show the impact of the
adsorption of organic acids onto the calcite surface. The presence of organic acids can either cause
the desorption or hinder the adsorption of collector reagents onto the surface of calcite and
calcium-bearing minerals, hence inhibiting the calcite flotation recovery as well as acting as
chelating reagents to minimize the impact of Ca2+ ions on the flotation recovery of calcium-bearing
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valuable minerals (J. Liu et al. 2021; Zeng et al. 2017; H. Zhu et al. 2018). According to these
results, the interaction between the organic acids and the calcite surface can be either electrostatic
attraction between the anionic species of organic acids and the Ca2+ ions on calcite or chemical
interaction between the Ca sites of calcium-bearing minerals and the carboxyl group of the organic
acids.
Figure 2.4 shows an example of the FT-IR spectra of untreated calcite and the FT-IR spectra of
calcite treated with various flotation reagents investigated by Zhu et al. (2018). In this study, NaOL
is the collector reagent, while PASP is the depressant reagent. In the spectrum of calcite with NaOL
alone, NaOL adsorption onto the calcite surface is evident at 2922.25 cm-1. However, there is no
noteworthy adsorption of NaOL in the spectrum of calcite with PASP and NaOL when calcite is
treated with PASP first. Therefore, the presence of PASP can hinder the adsorption of NaOL
collector onto the calcite surface, essentially inhibiting the flotation recovery of calcite.
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Table 2.6: Impact of adsorption of organic acids onto calcite surface.
Organic
Depressant
Polyaspartic acid
(PASP)

Flotation pH

Observation

Implication

7.0 – 8.0

Citric acid (CA)

9.5

Citric acid (CA)

9.5

Ethylenediamine tetraacetic acid
(EDTA)
Polyacrylic acid
(PAA)

8.0

Appearance of 1450 cm-1 peak due to the
symmetric vibration of –COO- due to EDTA
adsorption.

7.0

After treatment with PAA, the calcite surface
exhibited new adsorption bands corresponding to
the C=O and –OH units of the –COOH group at
1627 cm-1 and 1319 cm-1. The C=O and –OH
bands shifted to higher energies by 9 cm -1 and 44
cm-1, respectively.

The adsorption of NaOL on calcite is evidenced at
2922.25 cm-1 in the calcite spectrum in the absence
of the depressant. This characteristic peak
corresponds to C=O stretching vibration of NaOL.
Even though the spectra of calcite with PASP is
similar to that of calcite alone, the characteristic
peak associated with NaOL on calcite disappears
when PASP is added before NaOL.
Compared to the FT-IR of pure calcium-bearing
mineral, CaF2, the spectra of CaF2 treated with
citric acid has a new characteristic peak at 1385
cm-1, which is attributed to the adsorption of citric
acid on CaF2. This spectra peak can be attributed
to the -C-O- in citric acid.
Appearance of new peak at 1429.66 cm-1 on calcite
treated with citric acid which corresponds to the C=O- in citric acid. However, when calcite is
successively treated with citric acid and NaOL,
two more new peaks appear at 2923.49 cm-1 and
2852.72 cm-1. These can be attributed to the -CH2
and -CH3 groups of NaOL, respectively.
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Ref.

The presence of PASP depressant can
hinder the adsorption of NaOL
collector on the calcite surface, hence
improving the depression of calcite in
mineral floatation.

(H. Zhu et al.
2018)

Citric acid interacts with the Ca sites on
CaF2 via chemisorption, which could
hinder collector adsorption on CaF2,
hence improving depression of CaF2 in
flotation.

(Zeng et al. 2017)

Even though citric acid has a strong
flotation effect on calcite, there is a
weak chemical interaction between
calcite and citric acid. This is
evidenced by the fact that NaOL
collector can still be adsorbed onto
calcite surface pre-treated with citric
acid.
EDTA is chemisorbed onto the
calcium-bearing mineral, CaF2, by
interacting with the Ca sites of the
mineral.
The C=O stretching vibration
corresponds to the vibration of
Ca(OH)+ PAA surface complex. And
the –OH bending vibrations are
attributed to the formation of a
hydrogen bond by the weakening
covalent bond between O and H.
Consequently, PAA undergoes both
chemisorption and electrostatic
adsorption onto calcite surface.

(Dong, Wei, et al.
2021)

(Tian, Xu, Sun,
Han, et al. 2019)

(C. Zhang, Gao, et
al. 2018)

Figure 2.4: Fourier transform infrared (FT-IR) spectra of untreated and treated calcite surface.
(a) raw calcite, (b) calcite + NaOL, (c) calcite + PASP, and (d) calcite + PASP + NaOL (H. Zhu
et al. 2018).

2.6 XPS Analyses
X-ray photoelectron spectroscopy (XPS) analysis is often used to evaluate the chemical states of
the minerals surfaces for determining the interaction mechanism between the mineral surfaces and
the flotation reagents (Kang, Jianhua; Khoso, A. SUltan; Hu, Yuehua; Sun, Wei; Gao 2019; Wei,
Qian; Dong, Liuyang; Jiao, Fen; Qin 2019; Wencai Zhang and Honaker 2018a). The results of
XPS analysis help to characterize the binding energy and atomic content of the elements on
minerals surfaces before and after reacting with flotation reagents. These detailed data may then
be interpreted to explain the adsorption mechanism of the flotation reagents onto mineral surfaces
(Kang, Jianhua; Khoso, A. SUltan; Hu, Yuehua; Sun, Wei; Gao 2019; J. Liu et al. 2021).

21

Over the last decades, several studies investigated the impact of organic acids adsorption on the
chemical state and atomic concentration of calcium-bearing minerals, including calcite. Table 2.7
summarized some of these studies with the focus on observed XPS spectra peaks, atomic
concentration changes, and the implication of these results. The collective results of these studies
indicated that organic acids might interact with the Ca sites of calcite, leading to either a calcite
depression or Ca2+ ions chelation (C. Liu et al. 2021; Nie et al. 2022; X. Zhu et al. 2021). Most of
the interaction between the organic acids and the Ca sites on calcite happens via hydrogen bonding,
chemisorption, or a chelation reaction with Ca2+ ions on calcite, thus selectively depressing calcite.
As shown in Table 2.7, the depressing effect of organic acids on calcite and the chelation of
calcium ions can be due to the adsorption of the organic acids onto calcite or collector desorption
(Bulatovic 1999). Bulatovic (1999) explains that the adsorption of organic acids onto mineral
surfaces can happen via (I) hydrogen bonding, which is considered the dominant mechanism, (II)
coulombic or electrostatic interaction between the cationic groups on the mineral surface and the
anionic species of the organic acids, (III) chemical interaction between the active sites of the
mineral surfaces and the carboxyl group of the organic acids, and (IV) hydrophobic bonding and
salvation effect, and the solubility of the depressant in the aqueous medium surrounding the
mineral particles (Bulatovic 1999; R. J. Pugh 1989).
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Table 2.7: Impact of the adsorption of organic acids on the chemical state and atomic concentration of calcite.
Organic
Depressant
Citric acid
(CA)

XPS Spectra
Peak
347.5 eV for Ca 2p corresponding to calcium
citrate; 284.7 eV, 285.9 eV, 287.8 eV, and
289.0 eV for C 1s corresponding to C-C, C-O,
C=C, and O-C=C, respectively.

Atomic Concentration
Change
Ca: 1.09% increase.
O: 4.56% increase.
C: Relative decrease.

Ethylenediamine
tetra-acetic
acid
(EDTA)

Ca 2p spectra of pure calcite at 346.9 eV
shifted slightly by 0.1 eV.

N/A

Polyacrylic
acid (PAA)

Ca 2p3/2 and Ca 2p1/2 spectra peaks shift to
higher binding energies from 347.04 eV and
350.59 eV to 347.34 eV and 350.89 eV,
respectively. C 1s showed new spectra peaks
at 286.34 eV and 289.69 eV. O 1s spectra
peak shift from 531.24 eV to 531.54 eV and a
new peak O 1s at 533.14 eV.

N/A

Oxalic acid

The binding energies of Ca 2p3/2 spectra
shifts by -0.27 eV and -0.50 eV from 346.80
eV and 348.11 eV, respectively.

N/A

1Hydroxyeth
ylidene-1, 1diphosphoni
cacid
(HEDP)

The spectra peaks of Ca 2p1/2, Ca 2p3/2, and
O 1s shift by 0.08 eV, 0.11 eV, and 0.16 eV
from 350.56 eV, 346.99 eV, and 531.34 eV,
respectively.

Ca: Decreased by 1.12%.
C: Decreased by 4.67%.
O: Increased by 4.03%.

Polyaspartic
acid (PASP)

The binding energies of O 1s and Ca 2p
showed a negligible shift but a new N 1s peak
was observed.

Ca: Decreased by
2.69%.
C: Decreased by 0.17%.
O: Increased by 1.51%.
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Implication
Electron transfer occurred between
Cit3- and Ca atoms due to a reaction
between Ca2+ and Cit3-. The increase in
atomic concentration of Ca and O
atoms are due to chemisorption of Cit3on the mineral surface.
With regard to the significant shift of
IEP shown by zeta potential, the slight
shift of Ca2p spectra implies that
EDTA was adsorbed onto calcite
surface via hydrogen bonding instead
of chemical absorption.
The results provided evidence of the
strong adsorption of PAA onto calcite
surface possibly through the COOgroup of PAA. The occurrence of a
new O 1s peak at 533.14 eV
corresponds to water (O-H) from the
chemical reaction between calcium ions
and PAA during the adsorption process.
Oxalic acid interacts with Ca sites on
the surface of the calcium-bearing
gangue minerals, hence inhibiting the
adsorption of the collector reagent.
The significant shift in binding energies
as well as the significant changes in
atomic concentrations suggest that
HEDP has a chelation reaction with
Ca2+ on the calcite and the calciumbearing mineral, CaF2, thus selectively
depressing calcite and CaF2.
PASP adsorbs onto the calcite surface,
hence inhibiting calcite flotation
recovery.

Ref.
(X. Liu et al. 2017)

(Wencai Zhang and
Honaker 2018b)

(C. Zhang, Gao, et al.
2018)

(X. Zhu et al. 2021)

(Kang et al. 2019)

(C. Chen et al. 2019)

Polyepoxysu
ccinic acid
(PESA)

Two new spectra peaks Ca 2p at 347.62 eV
and 351.10 eV corresponding to Ca 2p3/2 and
Ca 2p1/2, respectively. Additionally, one new
spectrum peak of C 1s was observed at 288.24
eV.

Ca: Decreased by
11.14%.
C: Decreased by 0.52%.
O: Increased by 11.65%

Amino
trimethylene
phosphonic
acid
(ATMP)

Ca 2p3/2 and Ca 2p1/2 peaks are shifted to
lower binding energies of 346.80 eV and
350.34 eV from 346.94 eV and 350.44 eV,
respectively. The spectra peak of O 1s at
531.51 eV shifted by 0.09 eV.

N/A

Hydroxycitri
c acid
(HCA)

Two new spectra peaks of C 1s appeared at
286.2 eV and 287.8 eV. Two more new peaks
of Ca 2p and O 1s appeared at 347.4 eV and
531.90 eV, respectively.

N/A

Ethylenediamine
tetra-acetic
acid
(EDTA)

Ca 2p3/2 and Ca 2p1/2 spectra peaks shift
from 348.03 eV to 347.80 eV and from 351.59
eV to 351.35 eV, respectively.

C: Increased by 0.96%.
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The significant change in atomic
concentration and the appearance of
new peaks suggest the dissolution of
calcium ions and the strong chemical
interaction between –COOH of PESA
and the Ca site of the calcite surface.
The shifts of the Ca 2p and O 1s are
induced by the chelation reaction
between ATMP and Ca2+ sites on the
calcite surface. Hence ATMP
chemically reacts with Ca2+ sites on the
surface of calcite, hence depressing
calcite floatability.
The new peaks of C 1s are attributed to
the RCOO- group of HCA on calcite
surface. The appearance of new Ca 2p
peaks suggests that HCA could form
chemical bond with Ca sites on calcite
surface. The appearance of a new O 1s
peak is attributed to the C=O bond.
HCA strongly adsorbs on the calcite by
chemisorption between Ca sites of
calcite and the carboxyl group of HCA,
leading to a depressing effect on calcite
floatability.
The results show that EDTA has some
kind of adsorption capacity on the
calcium-bearing mineral, CaF2, through
interaction with the Ca cites of the
mineral.

(C. Liu et al. 2021)

(Y. Chen and Tang
2020)

(J. Liu et al. 2021)

(Tian, Xu, Sun, Han,
et al. 2019)

2.7 Summary
The literature briefly reviewed recent studies that utilized organic acids for depressing calcite and
chelating calcium ions in various flotation systems. Some examples of these organic acids were
citric acid, polyepoxysuccinic acid, and Polyaspartic acid. The results of reviewed studies showed
that organic acids are effective reagents for calcite depression while unaffecting the flotation
recovery of valuable minerals. Additionally, detailed fundamental surface chemistry analyses with
zeta potential, contact angle and wetting characteristics, FT-IR, and XPS characterization indicated
that organic acids selectively depress calcite and calcium-bearing gangue minerals via
chemisorption between the Ca sites and the carboxyl group of the organic acids. Despite these
promising results, there is no available study on the impact of small-chain organic acids, such as
lactic and succinic acids, on the flotation of calcite. These organic acids can be produced from
organic waste materials, including food waste. The current study evaluates the capabilities of lactic
and succinic acid on calcite depression and calcium ions chelation in the bastnaesite-calcite
flotation system.
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CHAPTER 3
Evaluation of lactic and succinic acids as green depressants for selective
flotation separation of bastnaesite from calcite.
Abstract
Bastnaesite is a primary natural source of light rare earth elements. Adequate flotation of
bastnaesite in the presence of various Ca-containing gangue minerals (e.g., calcite) is complex due
to similar surface characteristics. This study aimed to develop an environmentally benign flotation
reagent scheme using organic acids to enhance bastnaesite flotation while selectively depressing
calcite. Systematic flotation, zeta potential, adsorption density, and X-ray photoelectron
spectroscopy analyses were carried out using lactic and succinic acids as depressants and sodium
oleate as a collector. The flotation and surface chemistry studies showed that organic acids
preferentially adsorbed on the calcite surface significantly reducing calcite recovery to below 20%
and 10% when using lactic and succinic acids, respectively. The collective results of this study
demonstrate the high potential of organic acids to be used as effective calcite depressants in
bastnaesite flotation systems.

Keywords: bastnaesite, calcite, flotation, lactic acid, succinic acid
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3.1 Introduction
Rare earth elements (REEs) are a group of 17 elements in the periodic table that include 15
lanthanide elements (atomic numbers 57–71) and the transition metals scandium (Sc) and yttrium
(Y) (Balaram 2019; Cen et al. 2021). Rare earth minerals are an indispensable global strategic
resource due to their unique chemical, optical, and magnetic properties (Hossain, Ahmed, et al.
2021; Hossain, Hossain, et al. 2021), (Wang, Wu, Xu, Shu, Yang, et al. 2020a). REEs have
numerous applications in high technology devices such as smartphones, computers, digital
cameras, and in renewable energy in wind turbines and solar panels among many other uses
(Balaram 2019; Zhang et al. 2020), (Hossain, Ahmed, et al. 2021; Hossain, Hossain, et al. 2021).
With the rapid development of the fields that require rare earth minerals, the demand for REEs
continues to grow exponentially (Goodenough, Wall, and Merriman 2018; Kynický, Smith, and
Salvi 2021). The common sources of REEs are bastnaesite and monazite (Wang, Wu, Xu, Shu,
Yang, et al. 2020b; Wang, Wu, Yang, et al. 2020; Zhang and Honaker 2018a). Bastnaesite ((Ce,
La, Y)FCO3) is the primary source of light REEs, namely cerium (Ce), lanthanum (La),
praseodymium (Pr), neodymium (Nd), and yttrium (Y) to name a few (Cen et al. 2021; Wang, Wu,
Xu, Shu, Yang, et al. 2020a; Xiong, Deng, Zhao, Wang, Wang, et al. 2020).
The largest reserve of bastnaesite ore in the United States is located in Mountain Pass, California.
Bastnaesite is typically concentrated using flotation which is dependent on surface and solution
chemistry mechanisms (L. Xu et al. 2021). One of the main challenges in bastnaesite flotation is
the presence of Ca-containing gangue minerals, such as calcite, which dramatically decrease
bastnaesite flotation recovery by altering the surface chemistry of bastnaesite (Wang, Wu, Yang,
et al. 2020; Xiong, Deng, Zhao, Wang, and Wang 2020). To overcome this challenge, multiple
and complex stages of reagents conditioning are often required to reduce the impact of dissolved
Ca2+ species on bastnaesite flotation (Pradip and Fuerstenau 2013). This leads to complex and
costly flotation processes for bastnaesite concentration.
The search for an effective collector-depressant reagent scheme is important for the realization of
effective flotation recovery of bastnaesite in a bastnaesite-calcite flotation system. Common
collectors for bastnaesite flotation from gangue minerals are carboxylates, hydroxamates, and
organic phosphoric acids (Y. Xu et al. 2020). Carboxylates, especially fatty acids, have a strong
collecting power towards bastnaesite. Sodium oleate (NaOL) has been reported to improve the
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flotation recovery of bastnaesite to more than 90% (Wang, Wu, Xu, Shu, Fang, et al. 2020a).
Hydroxamates are considered selective collectors with functional groups that exhibit stronger
affinity for REE active sites on rare earth mineral surfaces than Ca2+ on calcite gangue mineral
surfaces. Xu et al. (2020) reported a flotation recovery of above 95% and 90% for bastnaesite and
calcite, respectively, in the absence of a depressant and using octanohydroxamic (OHA) and NaOL
mixed collectors (Y. Xu et al. 2020). Liu et al (2018) found that the adsorption feature of lauryl
phosphates, an alkyl phosphate from organic phosphates, provided a stronger bastnaesite flotation
response when compared to the flotation of selected calcite gangue minerals. The flotation
recovery was found to be 80% and 8% for bastnaesite and calcite, respectively, when lauryl
phosphate was used as the collector in the absence of a depressant (W. Liu et al. 2018).
Common depressants for Ca-containing gangue minerals normally contain COOH, SiO3, PO4, and
OH groups that strongly interact with Ca2+ (Chen et al. 2017; Wang, Wu, Yang, et al. 2020). Citric
acid was found to depress calcite flotation recovery to around 30% while keeping the bastnaesite
recovery at 90% (Y. Xu et al. 2020). Xanthan gum showed a stronger depressing effect on calcite
(10.44% recovery) but significantly lowered the recovery of bastnaesite from 93% to 68.63%
(Wang, Wu, Yang, et al. 2020). Zhang and Honaker found that sodium silicate and
ethylenediaminetetraacetic acid (EDTA) depressed calcite recovery to 30% and 50%, respectively
(Zhang and Honaker 2018a). Polyepoxysuccinic acid (PESA) showed the potential to depress
calcite flotation recovery to below 10% when NaOL collector is used at pH 9 while maintaining
the recovery of smithsonite to above 80% (C. Liu et al. 2021). Some studies have determined that
a combination of different types of depressants, with at least one depressant acting as a chelating
agent has the strongest depressing effect on calcite flotation (R. Deng et al. 2018; Zhang and
Honaker 2018a).
Recently, various studies have evaluated the potential of using organic acids as efficient
depressants in rare earth mineral flotation when calcite is the major gangue mineral (Y. Xu et al.
2020; Zhang and Honaker 2018b). Xu et al. (2020) found that the flotation recovery of calcite was
depressed to around 30% in bastnaesite-calcite system when citric acid was used as the depressant
with OHA and NaOL mixed collector at pH 8-9 (Y. Xu et al. 2020). Additionally, Zhang and
Honaker (2018) evaluated the efficiency of citric acid as a chelating agent for calcite gangue
mineral, and found that the flotation recovery of monazite increased from 10% to about 85% at
34

optium dosage of citric acid in a monazite-calcite flotation sytem when sodium silicate and sodium
hexametaphosphate (SHMP) were used as the main depressants and octanohydroxamic acid used
as the collector at pH 9 (Zhang and Honaker 2018b). The results have shown that organic acids
have the potential to depress calcite while unaffecting the REEs flotation recovery (Y. Xu et al.
2020; Zhang and Honaker 2018b). Organic acids offer numerous advantages, some of them being
their low cost of production and minimal environmental impact (Babbitt et al. 2022; Choi et al.
2022; Khalil et al. 2022). Additionally, small molecule organic acids can be produced from waste
resources, such as food waste (Bühlmann et al. 2021; Jones et al. 2021; Li et al. 2021; Okoro and
Shavandi 2022; Song et al. 2022).
Organic acids have been rarely used as depressants for Ca-containing gangue minerals in a
bastnaesite-calcite flotation system. This research seeks to investigate the capabilities of small
molecule organic acids (namely lactic acid and succinic acid) in the bastnaesite-calcite flotation
system and to develop a sustainable flotation reagent scheme for the optimal recovery of
bastnaesite using organic acids as depressants and sodium oleate as the collector. This study
systematically investigates the effect of organic acids to selectively depress calcite in a bastnaesitecalcite flotation system following micro-flotation tests, electrokinetic tests, solution chemistry
measurements, and X-ray photoelectron spectroscopy (XPS) characterizations on the bastnaesite
and calcite minerals.

3.2 Material and Methods
3.2.1 Materials
Bastnaesite and calcite samples were obtained from Zagi Mountain (Pakistan) and Shannon
Minerals (USA), respectively. The mineral samples were first crushed using laboratory ball and
disc mills and then ground using an agate mortar and pestle. The samples were wet screened to
obtain 75×38 μm fractions for micro-flotation and adsorption tests. X-ray diffraction (XRD) and
X-ray fluorescence (XRF) analyses were performed on the samples to investigate the mineralogy
and measure the purity. The results of XRD and XRF analyses showed the high purity of the
bastnaesite sample (>94%) and calcite (>99%) (Table 3.8). Furthermore, Figure 3.5 shows the
XRD patterns of pure bastnaesite and calcite samples which agrees with the XRD results in
previous studies (Wang, Wu, Xu, Shu, Fang, et al. 2020a; Xiong, Deng, Zhao, Wang, Wang, et al.
2020). Representative samples of the ultrafine fractions were further ground and screened to
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achieve a particle size below 5 μm for zeta potential measurements as well as surface and solution
chemistry studies. Table B-11 summarizes the grade, supplier, and functions of the reagents used
in this study. Deionized (DI) water with 18.2 MΩ·cm resistivity at room temperature was used for
all the experiments.
Table 3.8: Chemical composition of the bastnaesite and calcite sample (mass fraction, %).
Bastnaesite
Calcite

CeO2
42.00
CaCO3
99.89

La2O3
29.17
Cr2O3
0.07

Y2O3
1.18
MnO2
0.01

Nd2O3
12.89
SrO
0.02

Pr2O3
9.10
BaO
0.01

Figure 3.5: XRD patterns of pure bastnaesite (left panel) and calcite (right panel) samples.
3.2.2 Micro-Flotation Tests
Micro-flotation tests were performed in a 75 ml modified Patridge-Smith micro-flotation cell
(Figure 3.6). Pure minerals of 1 g were used for each experiment. The minerals were conditioned
in a glass beaker containing 40 mL of DI water. The mineral suspension was mixed using a
magnetic stirrer. The pulp was continuously stirred for 5 min with pH regulators, 5 min with a
depressant, 5 min with a collector, and 1 minute with a frother. The pH of the solution was
measured continuously during the conditioning stage, and the final pH before transferring to the
flotation cell was recorded. The flotation cell was mounted on top of a magnetic stirrer, which
ensured the pulp inside the flotation cell was sufficiently suspended. Flotation was conducted at
18 mL/min nitrogen flowrate for 3 minutes. Floated and non-floated fractions were collected,
dried, weighed, and analyzed to determine the recovery. Several repeat tests were performed to
36

assess the reproducibility of the results at identical test conditions. While the average recovery
values were calculated for each flotation test, the recovery values of these replicate tests showed a
standard deviation value of 2.69%.

Figure 3.6: Schematic diagram of the micro-flotation test setup.

3.2.3 Electrokinetic Tests
Zeta potential measurements were carried out at room temperature using a Malvern Nano Zeta
Sizer. 0.5 g of the ultrafine samples were mixed with 100 mL of supporting electrolyte solution
(1×10-3 M KCl) and stirred using a magnetic stirrer to obtain a uniform suspension. After 10
minutes of natural settling, 3 mL of supernatant was collected and added to separate 50 mL glass
beakers containing the electrolyte solution at desired pH values. Next, the flotation reagent was
added to the solution and conditioned for 5 minutes with mixing. The conditioned mixture was
then allowed to naturally settle for 2 minutes. Finally, 40 mL of supernatant and supporting
electrolyte was placed inside an ultrasonic bath for 2 minutes before being subjected to zeta
potential measurement. The pH of the suspension was re-measured after the ultrasonic bath. Each
recorded zeta potential value was the average of three duplicate measurements, where each
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separate measurement was the average of 100 automatically repeated tests. A standard deviation
of 1.47 mV was determined for zeta potential measurements. The variations in the zeta potentials
of bastnaesite and calcite with and without reagent treatment were used to evaluate the impact of
various reagents on the electrokinetic characteristics of bastnaesite and calcite minerals.
3.2.4 Adsorption Tests
Systematic adsorption density measurements were performed to determine the adsorption of the
collector and depressant on the bastnaesite and calcite surfaces. Firstly, calcite and bastnaesite
were mixed with DI water to form suspensions with 0.5 wt.% (bastnaesite) and 1 wt.% (calcite),
respectively. After conditioning, the suspensions were transferred to a 50 ml centrifuge tube and
placed in an IEC Clinical centrifuge at 3175 rpm for 10 minutes. The concentrations of collector
and depressants were determined using a Shimadzu 1280 UV-VIS spectrometer. Full-wave
scanning of the obtained solutions indicated that peak adsorption occurred at 298 nm for sodium
oleate, lactic acid, and succinic acid. Therefore, the obtained peak adsorption values at 298 nm
were utilized to indirectly determine the adsorption density of various reagents on mineral
surfaces. To distinguish the reagents in solution at the same adsorption peak, baseline correction
was done by conducting a full-wave scanning of individual solutions of either LA or SA and then
zeroing the UV-VIS spectrometer before investigating the adsorption of NaOL on bastnaesite and
calcite in the presence and absence of LA and SA. Several repeat tests were conducted to determine
the adsorption density under the same conditions, and a standard deviation of 3.67% was achieved.
3.2.5 X-ray Photoelectron Spectroscopy (XPS) Characterization
XPS was used to study the surface chemistry of calcite and bastnaesite samples in their untreated
states and when interacted with sodium oleate and organic acids. The same conditioning procedure
as the micro-flotation tests was followed with minus 5 µm pure minerals. The XPS characterization
was carried out on the filtered and dried samples using a Physical Electronics PHI 5000
VersaProbe XPS equipment. XPS spectra were acquired using a monochromatic Al K-alpha Xray source (1486.6 eV) at 100 W over 1400 × 100 μm area at 45o angle. All binding energies were
referenced to C-C peak at 284 eV, which is commonly utilized to characterize air-exposed samples.
The chemical states of the elements were assigned using the PHI and NIST XPS databases. The
results of XPS characterization were further studied using the MultiPak software.
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3.3 Results and Discussions
3.3.1 Micro-Flotation Tests
Given the fact that the chemical formation of reagents and ions in the pulp may be altered as a
function of pH, the flotation recovery of bastnaesite and calcite was first determined at a range of
pH values. As shown in Figure 3.7, at 2.22×10-6 mol/L concentration of NaOL, the maximum
recovery of bastnaesite (>97%) was achieved at pH 9. As reported by other studies, bastnaesite
recovery may be maximized at a pH value of 9 (Duan et al. 2021; Jordens et al. 2014; W. Liu et
al. 2018; Martin 2004; Wang, Wu, Xu, Shu, Yang, et al. 2020b; Xiong, Deng, Zhao, Wang, Wang,
et al. 2020). Unlike bastnaesite, the recovery of calcite was relatively unaffected by pH. Xiong et
al. (2020) observed a similar phenomenon when used salicylhydroxamic acid (SHA) as a collector
for the flotation of bastnaesite and calcite (Xiong, Deng, Zhao, Wang, and Wang 2020).
After determining the optimal pH, micro-flotation experiments were carried out to determine the
effect of collector concentration on the recovery of bastnaesite and calcite at pH 9 (Figure 3.7).
With the increase in the concentration of NaOL, the flotation recovery of both bastnaesite and
calcite minerals increased first and then decreased. The increase in collector molecules at higher
collector concentration can cause the hydrophilic heads and the hydrophobic tails of the collector
to attract to each other which reduces bastnaesite recovery since there are less collector molecules
adsorbed on the surface of bastnaesite. The maximum bastnaesite recovery of over 97% was
achieved at 2.22×10-6 mol/L of NaOL. At this collector dosage, calcite recovery reached 64%.
With a chemical formula of RCOONa, NaOL occurs dominantly as [(RCOO)2]- in alkaline pH
(Espiritu, Naseri, and Waters 2018). It can be deduced that NaOL increased the recovery of both
bastnaesite and calcite in the absence of a depressant because in alkaline pH, the negatively
charged species of NaOL adsorb on the minerals surface through chemisorption by reacting with
the metal cations Ce3+ and Ca2+, respectively (Espiritu, Naseri, and Waters 2018).
Figure 3.8 shows the effects of lactic acid (LA) and succinic acid (SA) concentrations on the
flotation recoveries of bastnaesite and calcite. The optimal dosage of organic acids was 5 x 10-4
mol/L. LA was selectively adsorbed on the calcite surface, significantly reducing calcite recovery
to 20% while being impotent to bastnaesite recovery (>90%). More interestingly, SA has a stronger
impact on the floatability of calcite as it reduced calcite recovery to below 10%. However,
compared to LA, SA slightly influenced bastnaesite recovery and decreased it to around 85%.
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Similarly, Xu et al. (2020) observed a strong adsorption of citric acid on bastnaesite and calcite
when used citric acid as a depressant and OHA and NaOL as a mixed collector (Y. Xu et al. 2020).
Similar behavior of SA and citric acid may be due to the presence of double-pi bonds in the COOH functional group of their molecular structure. Marchildon et al. (1993) studied the influence
of double bonds in organic acids on flotation recovery and found that the flotation recovery
efficiency was impacted by the presence of double-pi bonds (Marchildon, Bonnelly, and Lapointe
1993).
The collective results of micro-flotation experiments suggested that both LA and SA may be used
as effective calcite depressants for the selective flotation of bastnaesite in the bastnaesite-calcite
flotation system when using NaOL as a collector.

Figure 3.7: Single mineral flotation recovery of bastnaesite and calcite as a function of NaOL
concentration (left panel) and as a function of pH (right panel).
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Figure 3.8: Single mineral flotation recovery of bastnaesite and calcite as a function of LA and
SA concentrations at pH 9 and collector concentration of 2.2 x 10-6 mol/L.
3.3.2 Electrokinetic Tests
The adsorption of reagents on the surface of minerals often lead to a change in minerals’ surface
charge. To better understand the adsorption mechanism of various reagents on bastnaesite and
calcite surface, zeta potentials of bastnaesite and calcite were determined at a range of pH values
for treated and untreated mineral surfaces (Figures 3.9). The isoelectric point (IEP) was found to
be between pH 7.0 – 8.0 for untreated bastnaesite and pH 8.0 – 8.5 for untreated calcite. These
values are consistent with data reported in the literature (J. Deng et al. 2019; Xiong, Deng, Zhao,
Wang, and Wang 2020). At alkaline pH values of 9.0 and above, both bastnaesite and calcite
carried negative surface charges. The addition of the organic acid depressants slightly shifted the
IEP of bastnaesite from pH 7.08 to below 7. However, treated calcite at the same LA and SA
concentrations showed a drastic decrease of zeta potential to negative values across all range of
pH values. It can be concluded that there is some specific adsorption between the organic acids
and the surfaces of bastnaesite and calcite. However, SA and LA exhibited stronger interactions
with the surface of calcite than bastnaesite.
The addition of NaOL to bastnaesite treated with organic acids caused the overall zeta potential to
become more negative with the IEP shifting to pH < 7. Nevertheless, the zeta potential of calcite
treated with organic acids was relatively similar with and without NaOL. The significant decrease
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of the zeta potential of bastnaesite with organic acids after the addition of NaOL may be attributed
to the greater adsorbed amount of oleate ions on the active Ce3+ sites of bastnaesite. Therefore,
NaOL interacts more with the bastnaesite surface than it does with the calcite surface after
treatment with organic acids. Additionally, the presence of organic acids onto calcite surface
inhibits collector adsorption improving calcite depression. Similar observation was made when
citric acid was used as the depressant in the presence of an OHA/NaOL mixed collector (Y. Xu et
al. 2020). Thus, calcite is depressed when conditioned with organic acids prior to NaOL addition,
but bastnaesite is less affected by organic acids as depressants in the presence of NaOL.
The zeta potential results are consistent with the micro-flotation results where the addition of
NaOL to minerals treated with organic acids as depressants significantly reduces the recovery of
calcite and have minimal effect on the recovery of bastnaesite at optimal pH 9.0. These
observations lead to the conclusion that NaOL can cause the desorption of the initially adsorbed
organic acids on bastnaesite surface, hence unaffecting the flotation recovery of bastnaesite. This
replacement of organic acids by NaOL on bastnaesite surface may happen by chemisorption (Y.
Xu et al. 2020). NaOL is strongly attracted to bastnaesite than the organic acids due to the stronger
affinity of RCOONa with bastnaesite and the adsorption of the anionic species of NaOL (RCOOand (RCOO)22-) on the minerals surface through chemisorption by reacting with the metal cation
Ce3+ (Espiritu, Naseri, and Waters 2018; Y. Xu et al. 2020). On the contrary, NaOL has minimal
influence on the adsorption of organic acids onto calcite surface. This observation may further
explain the low obtained calcite flotation recovery values and high bastnaesite flotation recovery
in the presence of organic acids, which confirms the micro-flotation recovery results.
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Figure 3.9: Zeta potential of bastnaesite (left panel) and calcite (right panel) as a function of pH
in the presence of 2.2 x 10-6 mol/L NaOL collector and 10-3 mol/L LA and SA depressants.
3.3.3 Adsorption Tests
To better understand the roles of organic acids in the bastnaesite-calcite flotation system, the
adsorption of organic acids on bastnaesite and calcite was assessed. Figure 3.10 shows that the
degree of organic acid adsorption is greater onto calcite surface than onto bastnaesite. These results
agreed with the zeta potential data indicating specific adsorption of LA and SA on both bastnaesite
and calcite minerals.
In the case of NaOL adsorption, NaOL adsorption on bastnaesite and calcite was studied in the
absence and presence of LA and SA. As shown in Figure 3.10, in the absence of organic acids, a
high degree of NaOL adsorption was observed for bastnaesite and calcite. However, higher
adsorption density on the bastnaesite surface was evident. The results explain the high flotation
recoveries for both minerals achieved during flotation tests in the absence of depressants.
Furthermore, the higher adsorption of NaOL on bastnaesite resulted in recovery values above 95%
when compared with calcite recovery of above 60% (Figure 3.7).
In the presence of organic acid depressants, the adsorption of the collector on calcite was
significantly decreased. These results further explain the reduction in calcite recovery values to
below 20% (with LA) and 10% (with SA). With regards to bastnaesite, NaOL adsorption was
slightly declined in the presence of organic acids. These data further confirm the minimal impact
of organic acids on bastnaesite flotation performance as discussed on the micro-flotation and zeta
potential data.
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Figure 3.10: Adsorption density of organic acids (left) and NaOL (right) on the surface of
minerals.
3.3.4 X-ray Photoelectron Spectroscopy (XPS) Analyses
XPS characterization evaluated the chemical states of the minerals surfaces in order to determine
the interaction mechanism between the minerals and the different flotation reagents (Xiong, Deng,
Zhao, Wang, Wang, et al. 2020; L. Xu et al. 2021; Zhang and Honaker 2018b). Particularly, the
changes in the surface chemistry of bastnaesite and calcite were evaluated based on the changes in
the chemical surroundings of Ce 3d and Ca 2p peaks in the XPS spectra of bastnaesite and calcite,
respectively, when treated with organic acids in the presence and absence of NaOL. Figure 3.11
shows the Ce 3d and Ca 2p photoelectron spectra of untreated bastnaesite and untreated calcite,
respectively. Two peaks Ce 3d5 and Ce 3d3, were observed in the XPS spectra of untreated
bastnaesite at 886.70 eV and 905.70 eV, respectively, which agrees with the reported data in the
literature (Wang, Wu, Yang, et al. 2020; Xiong, Deng, Zhao, Wang, Wang, et al. 2020). For
untreated calcite, two peaks were observed at 346.42 eV and 351.21 eV for Ca 2p3 and Ca 2p1,
respectively. Similar to bastnaesite, these values agree with peak values reported in previous
studies (Xiong, Deng, Zhao, Wang, Wang, et al. 2020; Zhang and Honaker 2018b).
Figure 3.12 shows the XPS spectra of bastnaesite treated with organic acids in the absence and
presence of NaOL. When treated with LA only, bastnaesite peaks shifted from 886.70 eV and
905.70 eV to 884.20 eV and 904.10 eV for Ce 3d5 and Ce 3d3, respectively. When bastnaesite
was conditioned with LA first and then NaOL was added, the peaks moved to 887.00 eV and
906.00 eV for Ce 3d5 and Ce 3d3, respectively. When treated with SA only, bastnaesite peaks
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shifted from 886.70 eV and 905.70 eV to 887.50 eV and 905.90 eV for Ce 3d5 and Ce 3d3,
respectively. When bastnaesite was conditioned with SA first and then NaOL was added, two new
peaks appeared at 884.50 eV and 908.90 eV for Ce 3d5 and Ce 3d3, respectively. These
observations indicate that both LA and SA were adsorbed onto bastnaesite via physisorption, and
that NaOL is able to replace the adsorbed LA and SA on bastnaesite surface via strong chemical
interaction between the carboxyl (RCOO-) group of NaOL and the Ce-sites on the bastnaesite
surface (Shu et al. 2019), (Wang, Wu, Xu, Shu, Fang, et al. 2020a). This agrees well with microflotation recovery values, zeta potential, and adsorption density results.
Figure 3.13 shows the XPS spectra of calcite treated with organic acids in the presence and absence
of NaOL. When treated with LA only, two new peaks appeared at 344.00 eV and 347.40 eV for
Ca 2p3. When calcite was conditioned with LA acid first and then NaOL added, the spectra peak
observed at 344.00 eV when calcite was treated with LA only disappeared. Additionally, there was
an overall shift of the rest of the spectra peaks from 347.80 eV to 348.40 eV and 347.40 eV to
349.30 eV for Ca 2p3 and from 351.30 eV to 351.60 eV for Ca 2p1. These observations indicate
a strong chemical interaction between LA with the calcite surface. However, there is also a weaker
chemical interaction between NaOL and calcite surface as shown by the disappearance of the
spectra peak observed 344.00 eV when calcite was treated with LA only. Studies have shown that
this relatively weak chemical interaction may be due to the formation of calcium oleate via
interaction of NaOL and Ca sites on calcite surface (Wang, Wu, Xu, Shu, Fang, et al. 2020b). As
shown by micro-flotation results, NaOL cannot cause the desorption of LA from calcite surface.
When treated with SA only, two new peaks appeared at 346.20 eV and 350.20 eV for Ca 2p3 and
Ca 2p1, respectively. While no new peaks were observed when calcite was conditioned with SA
acid first and then NaOL added, there was an overall shift from 347.30 eV to 348.40 eV and 346.20
eV to 346.80 eV for Ca 2p3, and from 350.20 eV to 350.00 eV and 351.40 eV to 351.60 eV for Ca
2p1. These observations are indicative of a strong chemical interaction of SA with the calcite
surface and that NaOL is unable to cause the desorption of SA from the surface of calcite. This
confirms the high depressing effect of SA on calcite flotation.
Conclusively, the observations from Figures 3.12 and 3.13 show that NaOL can cause the
desorption of organic acids from the surface of bastnaesite via chemical interaction between the
carboxyl (RCOO-) group of NaOL and the Ce sites on bastnaesite. Additionally, NaOL has no
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impact on the selective adsorption of SA and LA onto calcite surface. These observations agree
well with the micro-flotation recovery where bastnaesite recovery is maintained above 90% and
85%, and calcite is depressed to below 20% and 10% in the presence of lactic and succinic acid,
respectively, and NaOL collector.

Figure 3.11: Ce 3d and Ca 2p photoelectron spectra of untreated bastnaesite and untreated
calcite, respectively.
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Figure 3.12: Ce 3d photoelectron spectra of bastnaesite treated with organic acids in the
absence and presence of NaOL.
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Figure 3.13: Ca 2p photoelectron spectra of calcite treated with organic acids in the absence
and presence of NaOL.

3.4 Summary and Conclusions
The selective flotation of bastnaesite from calcite has been studied by micro-flotation, zeta
potential, adsorption density measurements, and XPS characterization using organic acids (LA and
SA) as depressants and NaOL as the collector. The following conclusions have been drawn:
(1) Organic acids (LA and SA) are selectively adsorbed onto the calcite surface, significantly
reducing calcite flotation recovery, while being impotent to the bastnaesite flotation
recovery.
(2) Zeta potential and adsorption density measurements showed that NaOL could cause the
desorption of organic acids from the bastnaesite surface while having no significant impact
on the adsorption of organic acids onto the calcite surface. This confirms the high flotation
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recovery values observed for bastnaesite and the depression of calcite flotation when NaOL
is used as a collector after conditioning with organic acids.
(3) Organic acids interact with the bastnaesite surface via physisorption while interacting with
the calcite surface via chemisorption. This further confirms the depressing effect of LA
and SA on calcite flotation while unaffecting bastnaesite flotation recovery.
Given the detrimental impact of dissolved Ca2+ ions on bastnaesite flotation, chapter 4 will
systematically investigate the potential of organic acids as Ca2+ ions chelating agent in bastnaesite
flotation.
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CHAPTER 4
Systematic investigation on bastnaesite flotation in the presence of
dissolved Ca2+ ions using organic acids as chelating agents.
Abstract
This study systematically investigated the potential of organic acids as Ca2+ ions chelating agents
in bastnaesite flotation. Naturally bastnaesite is associated with calcium-bearing gangue minerals
such as calcite (CaCO3) and fluorite (CaF2). The flotation beneficiation of bastnaesite in the
presence of calcium-bearing minerals (e.g., calcite) is exceptionally complex due to the release of
Ca2+ ions into the flotation pulp which changes the solution chemistry and bastnaesite surface
properties. This study seeks to address the challenge of dissolved Ca2+ ions on bastnaesite flotation
using organic acids, namely lactic, succinic, and citric acids. Systematic micro-flotation
experiments were followed by electro-kinetic tests, solution chemistry studies, and XPS
characterization. The results of this study showed that the elevated concentration of Ca2+ ions
dramatically decreased bastnaesite flotation recovery values. However, organic acids formed
soluble chelates with Ca2+ ions, effectively eliminating the detrimental impact of dissolved Ca2+
ions on bastnaesite flotation.

Keywords: bastnaesite, Ca2+ ions, flotation, chelating agents, organic acids
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4.1 Introduction
Rare earth elements (REEs) are a set of seventeen metal elements, including the fifteen lanthanides
on the periodic table, plus scandium (Sc) and yttrium (Y). REEs applications range from consumer
high-tech products to defense applications and from water treatment additives to wind turbine
motors among other uses. The rapid development in these fields and high demand for REEs grows
the demand for REEs. The common primary sources of REEs are bastnaesite and monazite
minerals.
Bastnaesite ((Ce, La)FCO3) is a semi-soluble fluoro-carbonate rare earth mineral considered one
of the primary sources of light REEs, including cerium (Ce) and lanthanum (La) (L. Xu et al. 2021;
Y. Xu, Xu, Wu, Wang, et al. 2020; X. Zhang et al. 2014). Preliminary beneficiation of bastnaesite
is mainly achieved through froth flotation (Cen et al. 2021; Pradip and Fuerstenau 2013;
Yörükoǧlu, Obut, and Girgin 2003), which is dependent on the surface chemistry differentials at
the mineral-solution interface (Cen et al. 2021). The difference in surface chemistry characteristics
of bastnaesite and gangue minerals results in distinct adsorption of flotation reagents on the
mineral surfaces. In other words, the surface chemistry of bastnaesite during flotation defines the
interaction between the cationic groups of bastnaesite and the anionic species of collector,
depressant, and regulator reagents (Pradip and Fuerstenau 2013).
Naturally, bastnaesite is associated with gangue minerals such as fluorite, barite, calcite, quartz,
hematite, and some silicate minerals (L. Xu et al. 2021). The flotation beneficiation of bastnaesite
in the presence of calcium-bearing minerals (e.g., calcite) is exceptionally complex due to the
release of Ca2+ ions into the flotation pulp which changes the solution chemistry and bastnaesite
surface properties (S. Liu et al. 2022; L. Xu et al. 2021). The presence of Ca2+ ions in the flotation
pulp can alter the surface chemistry of bastnaesite due to the formation of calcium complexes on
the surface of bastnaesite which hinders collector adsorption on bastnaesite surface, thereby
dramatically decreasing the flotation recovery of bastnaesite (Wang, Wu, Xu, Shu, Fang, et al.
2020a). To solve this problem, multi-stage and complex stages of reagents conditioning is often
required to reduce the impact of dissolved Ca2+ ions on bastnaesite flotation, which leads to a
complex and often costly flotation process (Pradip and Fuerstenau 2013).
Dissolved metal ions on mineral surfaces undergo many reactions, including adsorption,
complexation, hydrolysis, and surface or bulk precipitation, which can strongly affect the
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interaction between the mineral surfaces and the flotation reagents (Pradip and Fuerstenau 1991;
Wang, Wu, Xu, Shu, Fang, et al. 2020a). Despite vast studies on the effect of dissolved metal ions
on the flotation of monazite (W. Zhang and Honaker 2018), apatite, chalcopyrite, and smithsonite,
very few studies (Wang, Wu, Xu, Shu, Fang, et al. 2020a; L. Xu et al. 2021) have been dedicated
to studying the impact of dissolved Ca2+ ions on bastnaesite flotation. Moreover, these studies were
concerned with the surface chemistry considerations of dissolved Ca2+ ions in bastnaesite flotation
systems using collector reagents only. Xu et al (2021) investigated the effect of dissolved Ca2+
ions on sodium oleate collector adsorption onto bastnaesite surface. Their results showed that Ca2+
ions preferentially adsorbed on the surface of bastnaesite and that the interactions between Ca2+
ions and bastnaesite were stronger than the interactions between bastnaesite and sodium oleate
collector (L. Xu et al. 2021). Similarly, an adsorption study of octanohydroxamic acid collector on
bastnaesite and calcite surfaces showed that the hydroxamate adsorption on calcite increased
significantly at higher collector dosages at pH 9.3 due to surface and/or bulk precipitation of
calcium hydroxamates (Pradip and Fuerstenau 1991). Collectively, the results of these studies
showed that the use of collector reagents alone is not sufficient to combat the negative impact of
dissolved Ca2+ ions on bastnaesite flotation. The presence of these metal ions hinders the
adsorption of collector reagents onto bastnaesite surface leading to the decreased floatability of
bastnaesite.
Recent studies have evaluated the potential of organic acids as chelating agents for limiting the
detrimental impact of Ca2+ ions on the flotation beneficiation of rare earth minerals (REMs). When
used as the main depressant in flotation, citric acid showed the potential to depress calcite recovery
to about 40% while maintaining the bastnaesite flotation recovery at around 90% when
octanohydroxamic acid and sodium oleate mixed collectors were used (Y. Xu, Xu, Wu, Tian, et
al. 2020). However, the results of this study suffer from a lack of mixed mineral flotation as well
bastnaesite flotation in the presence of calcium ions.
Zhang and Honaker (2018) observed that when used as a chelating agent, citric acid formed soluble
chelates with Ca2+ ions hence causing the desorption of the metal ions from the monazite surface.
The chelation of Ca2+ ions eliminated the calcium complexes from the monazite surface, providing
a fresh surface for collector adsorption. Their study found that the flotation recovery of monazite
was improved from 10% to 85% when citric acid was employed as a chelating agent and
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octanohydroxamic acid used as the collector (W. Zhang and Honaker 2018). The chelating
capabilities of organic acids, especially citric acid, have been utilized in many industries such as
wastewater treatment, medicine and pharmaceutical, food industry, and mineral processing (Huang
et al. 2020; Xia, Hart, and Douglas 2015; Y. Xu, Xu, Wu, Tian, et al. 2020; W. Zhang and Honaker
2018). Additionally, organic acids are green (i.e., their production can be bio-based), cheap, and
commonly available.
Given that there are no sufficient studies on the elimination of the detrimental impact of dissolved
Ca2+ ions in bastnaesite flotation systems, this research aims to investigate the potential of organic
acids as calcium ions chelating agents. The separation of bastnaesite from dissolved Ca2+ ions was
studied via systematic micro-flotation tests, zeta potential measurements, solution chemistry and
adsorption density measurements, and X-ray photoelectron spectroscopy (XPS) characterization.

4.2 Materials and Methods
4.2.1 Materials
Bastnaesite samples used in this study were obtained from Zagi Mountain (Pakistan). The mineral
samples were first crushed using laboratory ball and disc mills and then ground using an agate
mortar and pestle. The samples were wet screened to obtain 75×38 μm fractions for micro-flotation
and adsorption tests. X-ray diffraction (XRD) and X-ray fluorescence (XRF) analyses were
performed on the samples to quantify the mineralogy and elemental content. The results of XRD
and XRF analyses showed the high purity of the bastnaesite sample at >94% (Table 4.9).
Furthermore, Figure 4.14 shows the XRD pattern of the pure bastnaesite sample, which agrees
with the XRD results in previous studies (Wang, Wu, Xu, Shu, Fang, et al. 2020a; Xiong, Deng,
Zhao, Wang, and Wang 2020; Y. Xu, Xu, Wu, Wang, et al. 2020). Representative samples of the
ultrafine fractions were further ground and screened to achieve a particle size below 5 μm for zeta
potential measurements as well as surface and solution chemistry studies. Table B-11 summarizes
the grade, supplier, and functions of the reagents used in this study. Deionized (DI) water with
18.2 MΩ·cm resistivity at room temperature was used for all the experiments.
Table 4.9: Chemical composition of bastnaesite sample (mass fraction, %).
Bastnaesite

CeO2 La2O3 Y2O3 Nd2O3 Pr2O3
42.00 29.17 1.18 12.89 9.10
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Figure 4.14: XRD pattern of pure bastnaesite sample.
4.2.2 Micro-Flotation Tests
Micro-flotation tests were performed in a 75 ml modified Patridge-Smith micro-flotation cell
(Figure 4.15). Pure bastnaesite mineral of 1 g was used for each experiment. The bastnaesite
mineral was conditioned in a glass beaker containing 40 mL of DI water. The mineral suspension
was mixed using a magnetic stirrer. The pulp was continuously stirred for 5 min with pH
regulators, 5 min with chelating agent, 5 min with a collector, and 1 minute with a frother. The pH
of the solution was measured continuously during the conditioning stage, and the final pH before
transferring to the flotation cell was recorded. The flotation cell was mounted on top of a magnetic
stirrer, which ensured the pulp inside the flotation cell was sufficiently suspended. Flotation was
conducted at 18 mL/min nitrogen flowrate for 3 minutes. Floated and non-floated fractions were
collected, dried, weighed, and analyzed to determine the recovery. Several repeat tests were
performed to assess the reproducibility of the results at identical test conditions. While the average
recovery values were calculated for each flotation test, recovery values of these replicate tests
showed a standard deviation value of 3.24%.
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Figure 4.15: Schematic diagram of the micro-flotation test setup.
4.2.3 Electrokinetic Tests
Zeta potential measurements were carried out at room temperature using a Malvern Nano Zeta
Sizer. 0.5 g of the ultrafine bastnaesite sample were mixed with 100 mL of supporting electrolyte
solution (1×10-3 M KCl) and stirred using a magnetic stirrer to obtain a uniform suspension. After
10 minutes of natural settling, 3 mL of supernatant was collected and added to separate 50 mL
glass beakers containing the electrolyte solution at desired pH values. Next, the flotation reagent
was added to the solution and conditioned for 5 minutes with mixing. The conditioned mixture
was then allowed to naturally settle for 2 minutes. Finally, 40 mL of supernatant and supporting
electrolyte was placed inside an ultrasonic bath for 2 minutes before being subjected to zeta
potential measurement. The pH of the suspension was re-measured after the ultrasonic bath. Each
recorded zeta potential value was the average of three duplicate measurements, where each
separate measurement was the average of 100 automatically repeated tests. A standard deviation
of 1.42 mV was determined for zeta potential measurements. The variation in the zeta potential of
bastnaesite with and without reagent treatment were used to evaluate the impact of various reagents
on the electrokinetic characteristics of bastnaesite.
4.2.4 Adsorption Density
Systematic adsorption density measurements were performed to determine the adsorption of the
collector on the bastnaesite surface in the presence of dissolved metal ions (Ca2+). Firstly,
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bastnaesite was mixed with DI water to form suspensions with 0.5 wt.% (bastnaesite). After
conditioning, the suspensions were transferred to a 50 ml centrifuge tube and placed in an IEC
Clinical centrifuge at 3175 rpm for 10 minutes. The concentrations of the collector were
determined using a Shimadzu 1280 UV-VIS spectrometer. Full-wave scanning of the obtained
solutions indicated that peak adsorption occurred at 298 nm for the sodium oleate collector.
Therefore, the obtained peak adsorption values at 298 nm were utilized to indirectly determine the
adsorption density of the collector reagent onto bastnaesite surface in the presence of dissolved
metal ions. Several repeat tests were conducted under the same conditions, and a standard
deviation of 2.67% was achieved.
4.2.5 XPS Analyses
XPS was used to study the surface chemistry of bastnaesite in its untreated state and when
interacted with sodium oleate and organic acids in the presence of dissolved Ca2+ ions. The same
conditioning procedure as the micro-flotation tests was followed with minus 5 µm pure minerals.
The XPS characterization was carried out on the filtered and dried samples using a Physical
Electronics PHI 5000 VersaProbe XPS equipment. XPS spectra were acquired using a
monochromatic Al K-alpha X-ray source (1486.6 eV) at 100 W over 1400 × 100 μm area at 45o
angle. All binding energies were referenced to C-C peak at 284 eV, which is commonly utilized
to characterize air-exposed samples. The chemical states of the elements were assigned using the
PHI and NIST XPS databases. The results of XPS characterization were further studied using the
MultiPak software.

4.3 Results and Discussion
4.3.1 Micro-Flotation Tests
The impact of pH on the flotation of bastnaesite was first investigated. It is worthwhile noting that
an alkaline pH range of 7-12 was investigated according to the pH range used in industry for
bastnaesite flotation (Pradip and Fuerstenau 2013). The flotation recovery of bastnaesite in the
absence and presence of dissolved Ca2+ ions was investigated across a range of pH using sodium
oleate (NaOL) as the collector reagent. Ca2+ ions were introduced into the flotation pulp as CaCl2.
The desired dosage of Ca2+ was added to the flotation pulp before addition of the collector, organic
acids, and the frother. As shown in Figure 4.16, at 2.22x10-6 mol/L concentration of NaOL, the
maximum recovery of bastnaesite was achieved at pH 9.4 at 97% and at pH 8.8 at 70.59% in the
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absence and presence of dissolved Ca2+ ions, respectively at 8×10-4 mol/L Ca2+ dosage. These
results were further confirmed by the results in similar literature, which determined that the optimal
flotation pH for bastnaesite is pH 8-9 (W. Liu et al. 2018; Wang, Wu, Xu, Shu, Fang, et al. 2020b;
Y. Xu, Xu, Wu, Tian, et al. 2020). Even though the optimal pH was still pH 9 in the presence of
dissolved metal ions, the presence of Ca2+ ions decreased the flotation recovery of bastnaesite
across the range of pH as shown in Figure 4.16. This is consistent with the results presented in
similar literature (S. Cao et al. 2018; Wang, Wu, Xu, Shu, Fang, et al. 2020b; Wang, Wu, Xu, Shu,
Yang, et al. 2020). After determining the optimal flotation pH, the effect of NaOL collector
concentration on pure bastnaesite was investigated (Figure 4.16). With the increase in collector
dosage, the recovery of bastnaesite first increased and then decreased with the maximum recovery
being 97% at a 2.22x10-6 mol/L NaOL concentration.
Figure 4.17 shows the effect of dissolved Ca2+ ions on the flotation recovery of bastnaesite. The
elevated concentration of Ca2+ ions dramatically decreased the bastnaesite flotation to around
38.27% when using NaOL collector only. These results are confirmed by data in literature (S. Cao
et al. 2018; Wang, Wu, Xu, Shu, Fang, et al. 2020b; Wang, Wu, Xu, Shu, Yang, et al. 2020). Upon
the addition of lactic acid and succinic acid, the recovery of bastnaesite was improved slightly
from 38.27% to 50% and 66.67%, respectively. To further improve the flotation recovery of
bastnaesite in the presence of dissolved Ca2+ ions, organic acids (lactic and succinic acids) were
added together with citric acid used as Ca2+ ions chelating agent (Figure 4.17). The flotation
recovery of bastnaesite in the presence of dissolved Ca2+ ions was improved up to 77.01% and
88.51% for lactic acid and succinic acid, respectively, with 0.5x10-4 mol/L concentration of citric
acid. Similarly, Zhang and Honaker (2018) found that when used as Ca2+ ions chelating agent,
citric acid improved the flotation recovery of monazite from 10% to 85% when sodium silicate
was used as the main depressant and octanohydroxamic acid used as the collector (W. Zhang and
Honaker 2018).
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Figure 4.16: Flotation recovery of bastnaesite as a function of pH (left panel) and as a function
of NaOL concentration (right panel).

Figure 4.17: Flotation recovery of bastnaesite as a function of Ca2+ concentration (left panel)
and citric acid concentration (right panel).
4.3.2 Electrokinetic Tests
The adsorption of reagents on the surface of minerals often leads to a change in the surface charge
and the iso-electric point (IEP) of the mineral surface. Zeta potential is an important parameter in
flotation systems since it provides a better understanding of the adsorption behavior of flotation
reagents on mineral surfaces via investigation of the change in mineral surface charge upon
adsorption of flotation reagents.
Figure 4.18 shows the zeta potential of untreated and treated bastnaesite as a function of pH in the
absence and presence of dissolved Ca2+ ions. The IEP of untreated bastnaesite was found to be at
around pH 7.08-8. This is consistent with the values reported in literature (Jordens et al. 2014; Nie
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et al. 2022; Y. Xu, Xu, Wu, Wang, et al. 2020). The addition of Ca2+ ions as CaCl2 caused a
dramatic shift in the IEP of bastnaesite to around pH 10.0 and the overall surface charge of
bastnaesite became significantly positive when Ca2+ ions were present. Various other studies
observed a similar phenomenon when bastnaesite was treated with CaCl2 and that the IEP of
bastnaesite shifted to around pH 10-10.3 when Ca2+ ions were introduced in the flotation pulp (Z.
Cao et al. 2021; Wang, Wu, Xu, Shu, Fang, et al. 2020b). This specific adsorption of Ca2+ ions on
bastnaesite is consistent with micro-flotation results where the presence of Ca2+ ions in the flotation
pulp hinders the collector adsorption onto bastnaesite surface, hence inhibiting bastnaesite
flotation recovery.
When Ca2+ ions were introduced into the pulp after treatment of bastnaesite with organic acids
(lactic acid and succinic acid), the overall surface charge of bastnaesite shifted to become negative.
The IEP of bastnaesite treated with lactic acid in the presence of dissolved Ca2+ ions was observed
to be at around pH 5.12, while the overall surface charge of bastnaesite treated with succinic acid
in the presence of dissolved Ca2+ ions was negative. These results indicate that the organic acids
are able to adsorb onto the bastnaesite surface even when Ca2+ ions were introduced first. However,
the slight improvement in the flotation recovery values of bastnaesite indicates that the organic
acids caused a slight desorption of the Ca2+ ions from the bastnaesite surface. As a result, this
hinders the adsorption of NaOL collector onto bastnaesite, which inhibits the effective flotation
recovery of bastnaesite.
When Ca2+ ions, organic acids (lactic and succinic acids, respectively), and citric acid were added
sequentially to the flotation pulp, the overall surface charge of bastnaesite further became negative.
This is an indicator that citric acid adsorbed on the surface of bastnaesite even when Ca2+ ions and
organic acids (lactic acid and succinic acid, respectively) were added first in the flotation pulp.
With relation to micro-flotation results, the addition of citric acid as Ca2+ ion chelating agent helps
to improve the flotation recovery of bastnaesite up to 77.01% and 88.51% when used along with
lactic acid and succinic acids, respectively. Therefore, it can be inferred that the addition of citric
acid can caused a large and significant desorption of Ca2+ ions from the surface of bastnaesite,
allowing for the collector adsorption onto the bastnaesite surface, hence the improved flotation
recovery of bastnaesite.
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Figure 4.18: Zeta potential of bastnaesite as a function of pH in the absence and presence of
flotation reagents.
4.3.3 Adsorption Density
Solution chemistry tests were conducted to get a more detailed understanding of the adsorption of
dissolved Ca2+ ions, the depressants, and the collector onto the bastnaesite surface. Adsorption
density measurements were done to better understand the adsorption of NaOL collector onto
bastnaesite surface treated with organic acids in the presence of dissolved Ca2+ ions. Figure 4.19
shows the adsorption density of NaOL collector onto bastnaesite surface treated with various
flotation reagents.
As seen in Figure 4.19, the adsorption density of NaOL on bastnaesite is the least in the presence
of dissolved Ca2+ ions alone. This is due to the fact that Ca2+ ions can cover the surface of
bastnaesite, hence hindering collector adsorption onto bastnaesite surface (S. Cao et al. 2018; Z.
Cao et al. 2021). However, the adsorption density of NaOL on the surface of bastnaesite improved
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linearly when organic acids were added in the presence of dissolved Ca2+ ions. The results of
Figure 4.19 indicate that lactic and succinic acids are able to cause a slight desorption of Ca2+ ions
from the bastnaesite surface, which allows for the slightly improved adsorption density of NaOL
collector. However, the addition of citric acid as a chelating agent causes further desorption of
Ca2+ ions from bastnaesite surface which leads to an improved adsorption density of NaOL
collector onto bastnaesite surface. This agrees well with micro-flotation recovery values and zeta
potential measurements.

Figure 4.19: Adsorption density of NaOL onto bastnaesite surface.
4.3.4 X-ray Photoelectron Spectroscopy (XPS) Analyses
X-ray photoelectron spectroscopy (XPS) is a technique for analyzing the surface chemistry of a
mineral by providing elemental composition as well as the chemical states of the mineral surface
before and after interaction with flotation reagents. XPS characterization helps to determine the
interaction mechanism between the mineral surfaces and the flotation reagents (Kang, Jianhua;
Khoso, A. SUltan; Hu, Yuehua; Sun, Wei; Gao 2019; J. Liu et al. 2021). The changes in the surface
chemistry of bastnaesite were evaluated based on the changes in atomic concentration as well as
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the changes in the chemical surroundings of the Ce 3d XPS spectra of untreated and treated
bastnaesite.
Table 4.10 shows the atomic concentration of untreated and treated bastnaesite. First, XPS
characterization results were interpreted to investigate the impact of the adsorption of Ca2+ ions on
bastnaesite surface. As shown in Table 4.10, the atomic concentration of the untreated bastnaesite
is 39.94%, 39.71%, and 4.85% for C, O, and Ce concentrations, respectively. These results are
closely similar to the data presented in similar literature (Z. Cao et al. 2021; Xiong, Deng, Zhao,
Wang, and Wang 2020). The addition of Ca2+ ions not only introduce a concentration of Ca onto
bastnaesite surface but it also changes the concentrations of C, O, and Ce to 32.24%, 46.68%, and
5.51%, respectively. This change in atomic concentration, especially in the concentration of C and
O, indicates that Ca2+ ions interact with the carbonate species on bastnaesite ((Ce, La)FCO3). As
such calcium complexes could occur onto bastnaesite surface causing the surface chemistry of
bastnaesite to be altered.
When organic acids, lactic acid and succinic acid, were added to the flotation pulp, the atomic
concentration of Ca reduced from 2.36% to 1.39% and 1.45%, respectively. The weakened
concentration of Ca indicates that the organic acids can interact with the calcite species onto the
bastnaesite surface. In relation to micro-flotation results, this interaction between the organic acids
depressants and the calcite species is weak due to the slightly improved bastnaesite flotation
recoveries. The addition of citric acid as a Ca2+ ion chelating agent reduced the concentration of
Ca on bastnaesite to 0.33% and 0.17% in the presence of lactic acid and succinic acid, respectively.
The addition of citric acid chelating agent greatly weakens the Ca concentration on bastnaesite
surface, effectively allowing for improved collector adsorption and improved bastnaesite flotation
recovery up to 77.01% and 88.51% when lactic acid and succinic acid, respectively, are used.
Figure 4.20 shows the Ce 3d photoelectron spectra of untreated bastnaesite and bastnaesite when
Ca2+ ions have been added to the flotation pulp. Two peaks, Ce 3d5 and Ce 3d3, were observed at
886.70 eV and 905.70 eV, respectively for the untreated bastnaesite. These results agree well with
the data reported in the literature (Wang, Wu, Yang, et al. 2020; Xiong, Deng, Zhao, Wang, Wang,
et al. 2020). The presence of dissolved Ca2+ ions shifted the Ce 3d5 and Ce 3d3 peaks to 886.50
eV and 906.20 eV, respectively. A new spectra peak was also observed at 894.80 eV. These results
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agree with the results of Table 4.10, further confirming that dissolved Ca2+ ions interact chemically
with the bastnaesite surface.
Figure 4.21 shows the Ce 3d photoelectron spectra of bastnaesite when Ca2+ ions, organic acids
(lactic acid and succinic acid, respectively), and citric acid were added sequentially to the flotation
pulp. The addition of lactic acid shifted the Ce 3d5 and Ce 3d3 spectra peaks to 886.70 eV and
905.50 eV, respectively. No new peaks were observed. The addition of succinic acid shifted the
Ce 3d5 and Ce 3d3 spectra peaks to 885.80 eV and 904.70 eV, respectively. No new peaks were
observed. These results indicate that lactic and succinic acids weakly adsorb onto bastnaesite
surface when Ca2+ ions were introduced in the flotation pulp first.
The addition of citric acid in the flotation pulp shifted the Ce 3d5 and Ce 3d3 peaks to 885.50 eV
and 903.50 eV, respectively in the presence of lactic acid. Two new peaks were observed at 882.50
eV and 899.70 eV. When succinic acid used, the addition of citric acid in the flotation pulp shifted
the Ce 3d5 and Ce 3d3 peaks to 886.50 eV and 905.70 eV, respectively. A new peak was observed
at 889.56 eV. These results indicate that citric acid interacts chemically with bastnaesite. Studies
have shown that there is a weak chemical interaction between citric acid and rare earth minerals,
most likely via hydrogen bonding (W. Zhang and Honaker 2018).
Figure 4.22 shows the Ce 3d photoelectron spectra of bastnaesite when Ca2+ ions, organic acids
(lactic acid and succinic acid, respectively), citric acid, and NaOL collector were added
sequentially to the flotation pulp. The addition of NaOL in the flotation pulp shifted the Ce 3d5
and Ce 3d3 peaks to 886.40 eV and 905.40 eV, respectively in the presence of lactic acid. One
new peak was observed at 903.40 eV. When succinic acid was used, the addition of NaOL in the
flotation pulp shifted the Ce 3d5 and Ce 3d3 peaks to 886.80 eV and 905.60 eV, respectively. Two
new peaks were observed at 884.30 eV and 903.90 eV. These observations indicate that NaOL is
able to chemically interact with the surface of bastnaesite even when Ca2+ ions, organic acids
(lactic acid and succinic acid, respectively), and citric acid were added first to the flotation pulp.
Conclusively, the results of micro-flotation, zeta potential, solution chemistry analysis, and XPS
characterization indicate that lactic and succinic acids can interact with the calcite species on the
surface of bastnaesite. However, this interaction does not allow for improved collector adsorption
onto bastnaesite since there are still dissolved calcite species on the bastnaesite surface as shown
in Table 4.10. The addition of citric acid forms soluble chelates that ultimately eliminates the
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negative impact of the dissolved calcite species onto bastnaesite surface, which allows for
improved collector adsorption and improved flotation recovery values from 38.27% up to 77.01%
and 88.51% in the presence of lactic acid and succinic acid, respectively.
Table 4.10: relative atomic concentration of untreated and treated bastnaesite.
% Atomic Concentration
C

O

F

Ca

Ce

Bastnaesite

39.94

39.71

8.65

--

4.85

Bastnaesite + Ca2+

32.24

46.68

6.82

2.36

5.51

Bastnaesite + Ca2+ + LA

31.57

48.06

7.72

1.39

5.30

Bastnaesite + Ca2+ + SA

39.65

41.40

5.86

1.45

5.35

Bastnaesite + Ca2+ + LA + Citric acid

44.80

37.65

6.70

0.33

4.46

Bastnaesite + Ca2+ + SA + Citric acid

40.95

43.56

5.13

0.17

3.35

Figure 4.20: Ce 3d photoelectron spectra of untreated bastnaesite and bastnaesite when Ca2+
ions have been added to the flotation pulp.
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Figure 4.21: Ce 3d photoelectron spectra of bastnaesite when Ca2+ ions, organic acids
depressants, and citric acid were added sequentially to the flotation pulp.

Figure 4.22: Ce 3d photoelectron spectra of bastnaesite when Ca2+ ions, organic acids
depressants, citric acid, and NaOL collector were added sequentially to the flotation pulp.
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4.4 Summary and Conclusions
The results of micro-flotation experiments, zeta potential measurements, solution chemistry
analysis, and XPS characterization indicate that the elevated concentration of Ca2+ ions
dramatically decreased the bastnaesite flotation recovery. This is because the presence of dissolved
Ca2+ ions alter the surface chemistry of bastnaesite due to the reaction between Ca2+ ions and the
bastnaesite surface resulting in the presence of calcite species such as CaCO3 onto bastnaesite
surface.
The addition of lactic acid and succinic acid, respectively, when Ca2+ ions have been added first
to the flotation pulp slightly improves the flotation recovery of bastnaesite. This is due to the
interaction of lactic acid and succinic acid, respectively, with some of the calcite species on the
surface of bastnaesite which provides more area for collector adsorption on the surface of
bastnaesite. To further improve the flotation recovery of bastnaesite, citric acid was used as a Ca2+
ions chelating agent in combination with either lactic acid or succinic acid. Citric acid formed
soluble chelates with the dissolved Ca2+ ions on the bastnaesite surface. The desorption of Ca2+
ions from the bastnaesite surface allowed for improved NaOL collector adsorption, effectively
eliminating the detrimental impact of the dissolved Ca2+ ions on pure bastnaesite flotation.
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CHAPTER 5
Conclusions and recommendations for future work
5.1 Conclusions and Key Contributions
Given the complexity of calcite depression in mineral flotation, this work has systematically
investigated the performance of organic acids as calcite depressants and calcium ions chelating
agents to be able to minimize calcite flotation and reduce the detrimental impact of dissolved Ca2+
ions in bastnaesite flotation. Small-chain organic acids such as lactic acid and succinic acid can be
produced from food waste, while citric acid can be obtained from agricultural residues. Bio-based
organic acids are biodegradable, commonly affordable, and nontoxic. The conclusions and key
contributions of this work included:
(1) Calcite recovery was depressed to 20% and 10% when using lactic acid and succinic acid
depressants, respectively, and NaOL collector in single mineral flotation.
(2) Lactic and succinic acids selectively adsorbed onto calcite surface, significantly reducing
calcite flotation recovery while being impotent to the bastnaesite flotation recovery.
(3) When calcium ions were introduced into the flotation pulp, the elevated concentration of
Ca2+ ions dramatically decreased the bastnaesite flotation recovery to 38.27%. Lactic and
succinic acids slightly improved the recovery of bastnaesite up to 50% and 66.67%,
respectively.
(4) To further improve the flotation recovery of bastnaesite in the presence of dissolved
calcium ions, citric acid was used as Ca2+ ions chelating agent in combination with either
lactic acid or succinic acid. The bastnaesite flotation recovery improved up to 77.01% and
88.51% in the presence of lactic acid and succinic acid, respectively.
(5) Citric acid formed soluble chelates with the dissolved Ca2+ ions on the bastnaesite surface,
effectively eliminating the detrimental impact of the dissolved Ca2+ ions on bastnaesite
flotation.
The following original contributions have been presented in this work:
(1) Utilization of small chain bio-based organic acids as selective depressants for calcite in
mineral flotation.
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(2) A novel reagent scheme for chelation of dissolved Ca2+ ions to improve bastnaesite
flotation recovery.

5.2 Recommendations for Future Work
Based on the findings of this work, the following recommendations could be considered for future
work:
(1) Given that bastnaesite is naturally associated with other gangue minerals (e.g., barite,
hematite, quartz, and some silicate minerals) in addition to calcite, the knowledge obtained
from this study should be extended to other gangue minerals associated with bastnaesite to
further improve bastnaesite beneficiation.
(2) Future work on the actual ore should be done to investigate the effectiveness of small chain
bio-based organic acids as calcite depressants and calcium ions chelating agents on a real
ore.
(3) A life cycle assessment on the use of bio-based organic acids in mineral flotation should
be conducted to fully determine the social, economic, and environmental footprints of
using bio-based organic acids in mineral flotation.
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Appendix A

Figure A-23: Dimensions of the micro-flotation cell.
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Appendix B
Table B-11: Reagent used for flotation and surface chemistry analyses.
Reagent

Function

Purity

Supplier

Sodium oleate (NaOL)

Collector
Depressant/Chelating
agent
Depressant/Chelating
agent
Chelating agent

≥97%

VWR International LLC

≥99%

VWR International LLC

≥99%

VWR International LLC

≥99.5%

VWR International LLC

Lactic acid (LA)
Succinic acid (SA)
Citric acid (CA)
Calcium chloride (CaCl2)

Source of Ca

≥99%

Sigma Aldrich

Sodium hydroxide (NaOH)

Regulator

≥98%

VWR International LLC

Hydrochloric acid (HCl)

Regulator

37%

VWR International LLC

Potassium chloride (KCl)

Supporting electrolyte

≥99%

Fisher Scientific

Methyl isobutyl carbinol (MIBC)

Frother

≥99%

VWR International LLC

2+
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